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Abstract 
The demands for high density, fine pitch interconnections in electronics systems has 
seen solder-based approaches for such interconnections miniaturized to the scale of tens 
of micro meters. At such a small scale, such 'micro joints' may contain only one or a 
few grains and the resultant mechanical behaviour may not be that for a polycrystalline 
aggregate, but rather for a single crystal. Since the ~-Sn matrix of SnAgCu solder has a 
contracted body-centred tetragonal (BCT) structure, such a solder grain is expected to 
demonstrate a considerably anisotropic behaviour. In such cases the reliability of a Ph-
free solder is strongly dependent on the local microstructural features, such as the size 
and orientation of the grains. This thesis presents the investigation of the evolution of 
microstructure within a joint or at the interface and, the influence of such 
microstructural features on the meso-scale mechanical behaviour of the Ph-free solder. 
It includes 
Evolution of the interface between a molten solder and the Cu substrate 
To form a joint, the solder alloy is heated and molten, wetting a solid under-bump 
metallization. After solidification, layers of brittle intermetallic compounds (IMCs) are 
formed at the interface. In this project, facilities were set up to obtain interfacial 
reactants at an arbitrary moment of the liquid/solid reaction. Formation and evolution 
~ 
during reflow of SnCu IMCs at the interface between the molten SnAgCu alloy and the 
Cu UBM was captured and presented for the first time. 
Formation of phases and IMCs with the body of a liquid SnAgCu solder during 
solidification 
The formation behaviour of basic components for a SnAgCu grain (including Sn 
dendrites, AIDSn and Cu6Sns IMCs) during solidification was investigated. 
Relationships between the growth behaviour of these components and their internal 
lattice orientation were studied. The characteristic growth and coupling of AIDSn IMCs 
and the Sn matrix to form eutectics has been elaborated and presented in this study for 
- 1-
the first time. Based on the results, the forming process of a eutectic SnAgCu grain 
under the non-equilibrioum solidification condition was illustrated; and major factors 
that determine the lattice-orientation, size and substructure of the grain were discussed. 
Meso- and Micro- scale mechanical behaviour of a SnAgCu solder joint 
To study the size effect on the microstructure, and subsequently, the meso-scale · 
mechanical behaviour, solder joints were manufactured with varying geometries. 
Shearing tests were performed·on these meso-scale joints. The results first demonstrated 
that the anisotropic characteristics of a SnAgCu grain play an important role in the 
mechanical behaviour of both a meso-scale solder joint and the adjacent interfacial 
IMCs. To further investigate the micro-scale deformation and damage mechanisms, 
micro-mechanical tests were preformed within a SnAgCu grain. 
Constitutive equations for a SnAgCu grain 
Based on the experimental results, a crystal model was established to describe the 
local microstructure-dependent mechanical behaviour. The constitutive equation was 
implemented by means of the finite element approach, and applied in solder joints of a 
Flip Chip (FC) package by a multi-scale method. To describe the crystal behaviour at 
the higher temperature, the model was improved to account for deformations due to 
vacancy diffusion and thermal expansion. This model was integrated by an implicit 
approach, and implemented in a full three dimension (3D) finite element (FE) model. 
Key words: Ph-free solder, interface, intermetallic compounds, dendrites, eutectics, 
micro-mechanical testing, inter- and intra- granular behaviour, crystal plasticity, finite 
element. 
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Chapter 1 Introduction 
This chapter introduces the evolution of electronic packages and potential Ph-free 
solders to illustrate two basic trends for future solder interconnections: further 
miniaturization to achieve finer pitch and more input/outputs (V Os); and replacement of 
SnPb solders to reduce environmental contamination. Recent literatures show that 
metals/alloys present different mechanical behaviour at the meso scale from that of bulk 
ones. Therefore, to accurately assess and predict the reliability of a micro joint, the · 
fundamental knowledge of the mechanics of new Ph-free materials at such a small scale, 
the key factor (e.g. the local microstructure) that influences this behaviour, and 
numerical models that can describe these processes are necessary. These topics form the 
main aims of this thesis. 
1.1 Interconnections in electronic packages 
In the manufacturing process of microelectronics, a Si chip is usually packaged 
(first-level package) to protect a Si die before the package is mounted on the PCB 
(second-level package). In both the first-level and second-level packaging, 
interconnections play an important role. They bridge the chip circuitry with the outside 
world to enable electrical functions, mechanically support the chip in the package and 
the package on PCB, and dissipate heat generated by the chip circuit. Their 
characteristics directly influence a package's performance: their pitch size and 
distribution determine the VOs number of a package; their electrical characteristics 
affect the signal quality and delays; their mechanical and metallurgical properties 
influence the reliability of the package. To keep up with the rapid evolution of the high-
level chip technology, interconnection technology has experienced significant 
developments to meet the increasing demands for the fine pitch, high reliability, low 
cost and the new requirements due to environmental concerns. 
1.1.1 First-level package 
In the first-level package, the most typical interconnection technique is wire 
bonding. This technology was develop by 0. L. Anderson, H. Christensen, and P. 
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Andreatch in Bell labs in 1957 [1] , and commercialized in late 1950's. After fifty years 
of development, it is still widely used in current electronics. [n this technology, the 
bottom side of the Si chip is attached to a chip carrier by an organic conductive 
adhesive or a solder in order to mechanically fix the chip. The active devices are 
distributed on the top side of the chip. They are electrically interconnected to the 
leadframe or substrate using very fine bonding wires (this leadframe or substrate 
provides electrical channels to the external leads of the package). Fig. 1-1 shows a 
schematic diagram of a wire bonding package. The bonding between the metal wire and 
I/0 pads is a solid phase welding, which needs both heat and pressure, sometimes also 
ultrasonic energy, to make a joint. Therefore, the I/0 pads must be distributed around 
the periphery of the chip. Otherwise the circuit structure underneath the pads will be 
damaged by the stress from ultrasonic vibration and pressure during the bonding 
process. This peripheral distribution limits the number of I/Os that the wire bonding 
technology can provide. For instance, a chip, the top surface area of which is 1 cm2, can 
only have about 400 I/Os when the pads are 50 J..Ull in diameter with an interspacing of 
50 IJ.ITl, which is far away from the demand of thousands of I/Os for high-density 
integrated circuits. 
(a) 
..... 
· . 
(b) Active device ' 
Wire Bond 
Lead frame 
Fig. 1-1 Schematic diagram of a wire bonding package: (a) bondings between wires and 
I/0 pads [2]; (b) cross section of the entire package. 
- 2 -
Chapter 1 Introduction 
FC technology, as an area-array package, has the advantages to overcome this I/0 
problem. This technology originated from the controlled collapse chip connection (C4), 
which was first used by IBM in the late 1960s and developed substantially with 
implementation of Very-large-scale integration. The detailed discussion of evolution of 
the FC can be found in the review by K. N. Tu [3). ln this area-array package, the active 
device side is flipped downward and is connected to the substrate directly via small 
solder bumps as shown in Fig. 1-2. Since solder joints can be reflowed on the pads 
without stresses, they can be formed at any place of the active device side. Therefore, 
the FC technology can provide considerably more I/Os than the peripheral wire bonding. 
For example, a chip, with the active surface area 1 cm2, can have about 10000 I/Os 
when the pads are 50 J..llil in diameter with an interspacing of 50 J..llil. At the same time, 
the electrical performance benefits from the structure of the FC package because small 
solder balls shorten electrical paths, which reduces electrical noise and attenuation. 
Solder joints can also help to dissipate heat from the chip. Because of these advantages 
the 1997 International Technology Roadmap for Semiconductors identified the area-
array package as an enabling technology [ 4). By 2004, the integrated circuit (I C) 
packaging industry had embraced FC as a standard tool for ultra-high-density 
interconnection technique [5]. Now, a FC package with a pitch size around 250 J..Lm is 
commercially available, and a pitch less than 50 J.Lrn is under development [6] as shown 
in Fig.l-2a. 
(b) 
Fig. 1-2 (a) FC solder bumps [6]; (b) schematic diagram of the cross section of a FC 
package. 
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1.1.2 Second-level package 
After a Si chip is packaged, it needs to interconnect with the PCB to cooperate with 
other packages and components. Similar to the first level package, the development of 
the second-level one followed the trend to achieve more VOs. This led to several forms 
of electronic packages. Table 1-1 presents some typical packages. Generally, they can 
be divided into two categories: Through Hole Package and Surface Mount Package. 
The former dominated in the 1970s; its representatives were Dual In-line Package (DIP) 
and Pin Grid Array (PGA). In those packages, the leads of the package are inserted into 
pre-prepared holes on the PCB or a socket. Their interconnection with these holes are 
fabricated by soldering, e.g. for DIP, or direct mechanical attachment, e.g. for PGA. In 
the early 1980s, large scale surface mount packaging appeared, and became popular in 
the late 1980s [7]. A typical style is Small Outline Package (SOP). With the "gull 
wing"- or J- type leads protruding from their two long edges, these packages can 
provide much more VO accounts than DIP due to the finer pitch of these leads. Based 
on SOP, Plastic Leaded Chip Carrier (PLCC) and Quad Flat Pack (QFP) were 
developed. In these packages, the leads are distributed around all four edges to increase 
VOs. SOP, PLCC and QFP belong to Surface Mount Package; they are placed on the 
surface of the PCB first, and directly interconnected by soldering. In the 1990s, Ball 
Grid Array (BGA) was developed. Similar to FC, it used solder balls to connect the 
substrate with the PCB. The area distribution of solder balls allow to overcome the 
space limitation of the periphery leads. 
In summary, the evolution of electronic packages has followed two routes to 
achieve more V Os: 
(i) increasing the packaging area for interconnections such as from a dual edge 
distribution to a quadric one, and from a periphery package to an area one; 
(ii) miniaturizing dimensions of the interconnection itself to reduce the pitch size. 
Although there are several types of interconnection techniques, soldering is still a major 
one, and plays a prominent role in electronic packaging. In the soldering process, the 
liquid solder reacts with the solid substrate, generating layers ofiMCs at the liquid/solid 
interface. The formation of the interfacial IMCs is an indication of good metallurgical 
bonding. 
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Table 1-1 Typical electronic packages 
Name of the package 
Dual In-line Package 
(DIP) 
Pin Grid Array 
(PGA) 
Small Outline Package 
with gull-wing lead 
(SOP) 
Small Outline Package 
with J-lead 
(SOJ) 
1.2 Ph-free solders 
Image Name of the package 
Plastic Leaded Chip 
Carrier 
(PLC C) 
Quad Flat Pack 
(QFP) 
Ball Grid Array 
(BGA) 
1.2.1 Driving force for introduction of Ph-free solders 
Chapter ]introduction 
Image 
In both of the first-level and second-level packages, the eutectic and high-Ph SnPb 
solders have been successfully applied as interconnection materials for many years. 
This is primarily due to their low cost, good solderibility, an adequate melting 
temperature (T m) range, and proper physical, metallurgical and mechanical properties. 
However, Pb and Ph-containing compounds are toxic chemicals and present significant 
threat to human health and the environment. The hazardous Pb from the electronic 
industry is generated by direct disposal of Ph-containing electronic products. Although 
some part of Pb can be recycled, the use of recycled Pb for electronics applications is 
seriously limited since recycled Pb has higher emission of a-particles than the virgin 
sources, which have detrimental effects on the performance of integrated circuits [8]. 
Under the threat of environmental contamination with lead, the removal of Pb in the 
electronic products was put on the agenda across the world. The European Union 
decided that the use of Pb in consumer electronics should be banned from 1st July, 2006, 
according to the waste electrical and electronic equipment (WEEE) legislation [9]. In 
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the United States, the Environmental Protection Agency has proposed the anti-Pb bills 
in the Congress to prevent the use of Pb in the industry. The National Electronic 
Manufacturing Initiative (NEMI) proposed a program named NEMI Pb-free Assembly 
Project to develop a Pb-free technology for electronics producers, which was supported 
by the majority of companies in North America [10]. Although Japan has not drafted 
any legislation concerning Pb, most of Japanese companies accelerate the Pb-free 
schedule to meet the appreciation of 'green electronics' from consumers, since they 
supply a large portion of the consumer electronics to the world. 
1.2.2 Requirements to Ph-free solders 
Besides being environmental friendly, a potential Pb-free solder should provide 
comparable performance with SnPb solders in terms of the T m, solderability and 
reliability together with a reasonable cost. The features of an alternative Pb-free solder 
can be summarized as: 
1. Melting point: The Tm should be low enough to avoid thermal damage to assembly 
during reflow and to alleviate thermally induced residual stresses. It should also be high 
enough for solder joints to bear operating temperatures. The Pb-free solder should 
ideally be a eutectic alloy system to avoid partial melting and solidification. 
2. Wettability and viscosity: To achieve a reliable bond between a solder and a base 
metal, the solder needs to wet the base metal properly. Hence the solder should have 
high wettability and low viscosity to ensure full wetting during the reflow. 
3. Availability and cost: There should be an adequate supply or reserves of the 
candidate metals in the world. Beside the cost of the solder alloy itself, it is anticipated 
not to change the manufacturing process considerably in order to avoid a high 
additional cost for modification of the infrastructure that has been established through 
many years. 
Beside the requirements above, the alternative alloy must have high electrical, 
mechanical and thermal performance at service temperatures. And it should be 
reworkable. 
1.2.3 Potential Ph-free solders 
It is generally considered that Sn can enhance the solder alloy wettability and form a 
strong bond with the base metal. Therefore, most ofPb-free solders under investigation 
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are Sn-based alloys. Other selective elements include Cu, Ag, Au, Bi, Zn, In and Sb in 
binary, ternary and more complex systems. 
In contrast to other Ph-free solders, a SnSb alloy (when the weight percentage (wt. 
%) of Sb is less then 6.5%) has an isomorphous rather than eutectic phase 
transformation (PT) during solidification, leading to a higher T m (above 505K). This 
makes it suitable to serve as a high-temperature Ph-free solder to replace traditional 
high-Ph SnPb in sequential step soldering [11]. However, Sb is also a toxic element, 
and it has been suggested to be excluded from Ph-free candidates. 
A SnAu alloy is broadly used in optoelectronic industries due to its excellent fatigue 
resistance and creep resistance [12]. A Snin solder is favourable for temperature-
sensitive packages, e.g. sensors, due to its low T m [13]. But the high price of Au and In 
limits their wide application in the current consume electronics. 
Zn is cheap and widely available. A SnZn solder is attractive because its T m is close 
to that of the eutectic Sn-Pb solder, which enables industry to use this alloy without 
having to replace their existing manufacturing lines or electronic components [14]. This 
solder's major drawback is that it is easily oxidized, leading to poor wettability. 
A SnBi solder has high resistance to oxidization and a low T m [ 15], but its 
application is limited since it is a by-product of Ph refining. 
SnAg and SnCu solders are the most promising candidates and have attracted much 
attention since they can satisfy most of the requirements for Ph-free solder. Cu is 
widely available in the world. While Ag is relatively expensive, its content in the SnAg 
eutectic solder is very low. SnAg and SnCu eutectic solders have melting points of 
494K and 500K respectively, which are slightly higher than that of the SnPb solder. 
Both of them have good wettability with Ni and Cu, two major types of the metal base 
in the under bump metallization (UBM), and an acceptable growth rate of the 
intermetallic (IMC) layer during the reflow. These two alloys have much better 
thermomechanical performance, especially at high temperatures, compared with the 
SnPb solder due to the precipitation of A~Sn and ~Sns IMCs in the Sn matrix. The 
SnAg solder is more attractive because of its lower melting point. 
Recently, great efforts have been made to develop the SnAgCu ternary eutectic 
system, because its T m. 490K, is even closer to that of the SnPb solder. This makes it 
easy to apply without considerable changes to the reflow equipment. In 2000, NEMI 
recommended to replace of the eutectic SnPb alloy with the eutectic SnAgCu alloy in 
reflow processing. Up to now, the precise composition of eutectic SAC is still unknown 
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and under intensive investigation. The European IDEALS has recommended 
Sn3.8Ag0.7Cu, while the American NEMI prefers Sn3.9Ag0.6Cu [16]. The Japan 
Electronics and Information Technology Industries Association proposed Sn3Ag0.5Cu 
and Sn3.5Ag0.7Cu due to their low cost [17]. Table 1-2 summaries the basic properties 
of the Pb-free solders discussed here. 
Currently, it is generally accepted that SnAg, SnCu, and SnAgCu systems are the 
most promising Pb-free candidates. However, the knowledge on performance of these 
materials is still considerably less than that of the traditional SnPb solder, and needs 
additional investigation, especially with regard to potential problems that can be 
encountered in the next generation of interconnections. 
Table. 1-2 Properties of solder alloys [3, 4, 8, I 0] 
Composition Density Tm 
Surface tension (mN/m) 
Alloy System (wt.%) (glcm3) (K) 
Air Nitrogen 
Sn-Pb 60/40 8.90 456 417 464 
Sn-Ag 96.5/3.5 7.39 494 431 493 
Sn-Cu 99.3/0.7 7.29 500 491 461 
90/10 505 
Sn-Au 
20/80 14.9 551 
Sn-Zn 89/9 7.27 471.5 518 487 
Sn-Bi 42/58 874 412 319 349 
Sn-ln 49/51 393 
Sn-Sb 95/5 7.25 468 495 
Sn-Ag-Cu 95.5/3.8/0.7 7.43 490 
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1.3 Motivation and overview 
Due to a mismatch of coefficients of thermal expansion (CTE) in electronic 
components, a solder joint between them usually experiences a thermally-induced 
mechanical load when the temperature of the package varies. This can lead to failure of 
a joint, which is a major reliability issue of electronic packages. To predict the life of 
solder joints, considerable amounts of research are being conducted to study the 
mechanical behaviour of SnAg, SnCu, and SnAgCu solders under tensile, compressive 
and cycling loads. However, most of existing studies are based on testing macroscopic 
bulk specimens. With a continuing increase in the complexity and functions of IC in 
electronic products, the size of solder joints for interconnections has to continue 
decreasing to enable the highest possible extent of compactness as demonstrated in 
Section 1.1. When a solder joint's dimensions reach a certain level, the size effect on its 
mechanical behaviour becomes apparent. For instance, a joint in a FC package has been 
miniaturized to dimensions below 100 J.UI1 in commercial applications. At such a small 
scale, a solder joint may be formed with only one or a few grains [18]. Fig. 1-3 presents 
a cross-section of a SnAgCu solder ball with 3 grains. The microstructure and 
mechanical behaviour of such a small joint is expected to shift from those for a 
polycrystalline aggregate to that for a single crystal. Since ~-Sn, the matrix of most Ph-
free solders, has a BCT structure, solder's grains are expected to show considerably 
anisotropic behaviour. In this case, crystalline features, such as the grain size and 
orientation, may become key factors in the reliability of the micro-joint. 
When solder joints are further miniaturized, not only the grain size and· orientation, 
but also crystallographic structures and mechanics of each component (e.g. A!lJSn, 
Cli6Sns IMCs, the 13-Sn matrix and Sn dendrites for the SnAgCu solder) within a grain 
play an important role in their reliability since some of these components (such as 
A!lJSn plates in SnAgCu solder as shown in Fig. 1-4) are able to reach the same scale as 
the grain. Considering their different properties, internal anisotropic character, irregular 
shape and distribution, the intra-granular behaviour is considerably heterogeneous. In 
addition, at such a small scale, the mechanical behaviour of a metal/alloy may no longer 
be localized due to the movement of dislocations (MD), the natural mechanism in 
plastic deformation for metals and alloys. This non-local behaviour does not only 
determine the internal behaviour of ~-Sn, but also influences adjacent components. To 
capture the principle mechanisms for such a grain, one should both investigate the 
-9-
Chapter 1 Introduction 
formation behaviour of each component and study their individual and interacting 
mechanics within a grain. 
Fig. 1-3 EBSD image of a Sn3.8Ag0.7Cu solder ball. The solder ball is 900 ~in 
diameter. It contains three grains (18]. 
Fig. l-4 IMCs, formed in the solder joint of eutectic Sn3 .8Ag0. 7Cu solder on Cu after 
double reflow at 533 K and selective etching [ 1 0] 
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In summary, microstructural features become important to the mechanical 
performance of SnAg, SnCu, and SnAgCu alloys when solder joints are miniaturized to 
the meso-scale dimensions. To assess and predict the reliability of such a micro joint, it 
is necessary to investigate its mechanics at or even below the grain level, and to 
establish a relationship (such as a constitutive equation) between parameters of these 
behaviours and characteristics oflocal microstructures. In addition, more knowledge on 
the formation behaviour of each microstructural feature is required. On one hand, it 
helps to further understand the local mechanical performance of solder alloys, since this 
controls the resulting microstructure. On the other hand, it also provides the 
fundamental knowledge necessary to enhance the reliability of a joint through 
microstructure optimization. The problems discussed here form the basic objectives of 
this thesis. Table 1-3 presents the specific studies of the microstructural features and 
mechanical behaviour ofPb-free solders covered by the thesis. 
Table 1-3 Reseach objectives and contents. Marked ones indicate studied contents. 
Position 
Formation Individual Mechanical Constituti in the Phase and IMCs mechanical interaction with the behaviour ve 
joint behaviour adjacent features equation 
~-Sn matrix X X X 
.. 
SnAgCu Cu,;Sns X 
grains X 
Within Ag3Sn fibers X X X 
the body ~-Sn X X X 
dendrites 
Individual Ag3Sn plates X 
Individual Cu,;Sns IMCs X 
At the Cu3Sn X X X 
interface Cu,;Sn, X X X 
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1.4 Thesis structure 
This thesis contains five main sections: literature review, mechanical tests, 
microstructure characterization, modelling and summary. 
The literature section (Chapters 2 and 3) reports the numerical methods to study 
reliability of solder joints and the latest experimental achievements on microstructure 
characterization and the mechanical behaviour ofPb-free solders. 
The middle three sections (Chapters 4 - 8) present the main results of the research. 
Section 2 (Chapters 4 and 5) experimentally investigates the meso- and micro- scale 
mechanical behaviour of Pb-free solders. Section 3 (Chapters 6) focuses on the 
evolution of the microstructure in the solder joint and at the liquid/solid interface during 
solder processes. Section 4 (Chapters 7 and 8) reports a novel constitutive equation for 
a SnAgCu grain based on the experimental results in Chapter 4. Each of these chapters 
follows the structure ofbackground, methodology, results, discussion and conclusions. 
The last section (Chapter 9) summarizes the major findings of the thesis and 
potential future work. 
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Chapter 2 Numerical Methods in Reliability Analysis of Solder 
Joints 
2.1 Significance of modelling the reliability of solder joints 
In electronics, solder interconnections usually experience thermal -induced 
mechanical loads. This is mainly due to the mismatch of the CTE for the jointed 
electronic components. For instance, in a FC package, the CTE of the organic FR4 
substrate is L8 ppm!K whereas the CTE of Si is only 2.6 ppm!K. When the temperature 
of the package varies, e.g. caused by switching on and off the power of the chip, a 
cyclic load is applied to solder joints between them as illustrated in Fig. 2-1 , ultimately 
leading to fatigue. This is a major failure mode for electronic packages. These failure 
processes are determined not only by the mechanical behaviour of solder materials, but 
also the structure (such as the geometry of solder joints and adjacent electronic 
components) of the package. Therefore, before a new solder alloy is applied in an 
existing electronic device or new electronic products are introduced to the market, the 
reliabi lity of solder joints in the package is usually evaluated to estimate the life of the 
joint in service, its functionality and the possibilities to improve the life of packages 
through structural optimization. 
(a) High temperature (b) Low temperature 
Fig. 2-1 Solder joints subjected to shear strain during thermal cycling due to the 
mismatch of CTE between the silicon chip and the substrate 
Generally, these assessments are performed by accelerated tests and extrapolating 
the failure time to the case of service conditions. However, most of these experimental 
tests are expensive and time-consuming. For instance, in the thermal cycling test, a 
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standard method to accelerate damage in solder joints in un-powered packages, a 
temperature cycling between 223K and 423K is commonly performed for severe 
service conditions, such as electronics in an automotive application. For consumer 
electronics applications, the testing requirements are more moderate, but they still need 
the temperature range between 233K and 398K or 273K and 373K. On the other hand, 
a solder joint can undergo several thousands of cycles before failure in these tests. In 
this case, besides a high cost, several months are usually necessary for a single test, 
significantly extending the design cycle of the electronics. In addition, it is still difficult 
to find an efficient approach to check the extent of damage of a joint and to define the 
failure criterion for these tests [19]. All these drawbacks of reliability tests pre-suppose 
the introduction of alternative methods to efficiently predict solder fatigue life. 
Numerical methods initially served as an auxiliary tool to the reliability tests and 
have been developed substantially in the past two decades. This is partly due to 
advances achieved in computer science, which provides calculation power to solve 
large-scale and complicate problems with high performance and low cost. For example, 
it is currently feasible to numerically evaluate the reliability of solder joints in a whole 
package in 3D by means of FE analysis. Another reason is the development of theories 
for materials behaviour and reliability. Based on this fundamental knowledge, more 
accurate models, which can describe and predict more complicated behaviour, have 
been developed. These developments help to further understanding of deformation and 
failure mechanisms in a joint throughout the loading history, which is difficult to 
achieve by experiments. Due to the further miniaturization of solder joints, the benefits 
of numerical methods become more pronounced, since it is rather difficult to perform 
experimental tests at such a small scale. 
2.2 Procedures to predict the solder fatigue life 
A general numerical approach to predict the fatigue life of a joint includes two steps: 
(i) FE analysis; 
(ii) prediction of the number of cycles to failure using a fatigue model. 
In the FE analysis, a geometry/mesh model is first built for a package. Proper 
material models (including respective parameters) such as constitutive equations, which 
describe relationships between stresses and strains, are then chosen for all the electronic 
components in the package. The initial and boundary conditions are applied to the 
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geometry/mesh model. Finally, the mechanical response of the solder joint under the 
cycling load is calculated for several cycles using the FE analysis. 
At the second step, a suitable fatigue model is chosen. Based on the results froin the 
FE analysis, the failure time of a solder joint is predicted with the fatigue model. This 
method is called the FEM-FM approach in this thesis. Fig. 2-2 illustrates the procedures 
of this approach. In FEM-FM, the most important elements are the constitutive equation 
and fatigue model. They describe the elementary deformation and damage behaviour of 
solder materials, respectively. The proper definition/choice of these models is the first 
step to ensure the accuracy of final results of the FEM-FM approach. Both steps have 
been extensively studied for solder materials. In the following section, the typical 
approaches are reviewed . 
1/ 
................ ooo-ON ____ ,, __ H_O_o_M __ ,, ___ , __ ,_,,,_, ______ ,,_ .. ______ .. _____ ,, _____ ..... 
Constitutive model for 
the solder material 
Other material 
parameters 
Geometry model of 
the package 
[ FE calculations I 
Initial and boundary 
conditions including 
thermal cycling load 
····-······-····-····-··-···-·--:::o:·······--····--·-········-·----
FE results: stresses, 
I strains and 
\ hysteresis loop . 
·-..., ....................... ·-··------·---·-.... ·-·-·-.............. :B:····----·-·-.. ··--.. -----·L ........ -
Step I 
FEM analysis 
1 Fatigue model I Step2 
Predictiog fatigue life 
I I Number of cycles 
\ tofailure 
Fig. 2-2 General procedure of predicting reliability of solder joints using FEM-FM 
approach 
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2.2.1 Constitutive models for solder materials 
The constitutive equation is a material model that describes the deformation 
behaviour of a material under load. Like most metals and alloys, the mechanical 
behaviour of solder materials used in electronics can be divided into two components: 
elastic and inelastic behaviour, with the former one following the Hook's law. However, 
the inelastic behaviour of solders mainly refers to creep rather than plastic deformation. 
This is due to their low T m, which is usually less than 500K as shown in Table 1-2. In 
this case, the ambient temperature usually exceeds 0.5 T m· Creep dominates in this 
temperature range. Compared with the plastic deformation, the creep behaviour has the 
following characteristics: 
(i) it depends not only on the stress level and hardening but also on time; 
(ii) although the deformation rate could be much lower, it can cause permanent 
deformation when the stress is far from the material's yield point. 
(iii) its deformation rate is sensitive to temperature. 
Under a stable stress and temperature, the creep of metals/alloys experiences three 
stages: primary, steady and tertiary stages. In the primary state, the creep rate decreases 
rapidly until the hardening and softening processes reach a kinematic equilibrium. After 
a long period of the steady stage, the creep rate increases again until failure occurs. Fig. 
2-3 shows the creep and creep rate with regard to time. It can be seen that the steady 
stage plays a dominant role in the whole process of creep. Therefore, the constant creep 
rate at the stable stage, as a function of the stress and temperature, is commonly used to 
represent the creep behaviour of metals. 
e 
II m 
t 
t 
I : primary stage 
(hardening process) 
II : steady stage 
(hardening and 
softening equilibrium) 
ill: tertiary stage 
(softening process) 
Fig. 2-3 Evolution of creep strain and strain rate with time under constant stress 
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The most simple and widely used constitutive models for metal creep at steady state 
are the Weertman's normal stress and Norton's shear stress power law equations [20]: 
i:e = Au" exp(- RQT} (2-1) 
Ye = Br" exp(- RQT} (2-2) 
where A and B are material constants, n is the stress exponent, u and i:e are the normal 
stress and creep strain rate, Q is the activation energy, R is the gas constant, T is the 
absolute temperature, u and i:e is the normal stress and normal creep strain rate, r and 
Ye are the shearing stress and shearing creep strain rate. The dominant deformation 
mechanisms during creep can be identified by estimating the stress exponent and 
activation energy. The value of these two parameters can be deduced from the creep 
experimental data: 
n=[(Hni:e], 
()JnO" T 
Q = -R[ a(Ini:.} ] . 
()(Ini/T) " 
(2-3) 
(2-4) 
The above power-law equations have been successfully used to describe the creep 
behaviour of the SnPb solder. However, they are found to be unsuitable for SnAg, SnCu 
and SnAgCu solders because these alloys show different magnitudes of the stress 
exponent and activation energy at the high and low stress region. This indicates that 
different creep mechanisms dominate and control the creep rate of SnAg and SnAgCu 
solders at high and low stresses. To describe this phenomenon, a double power-law 
model was suggested in [21]: 
i:e = A1 u"' a-p exp(- Q1 )+ A2u"' exp(- Q2 )· (2-5) 
· RT RT 
where d is the grain size, p is the grain-size exponent. The first term of the equation 
indicates the vacancy diffusion (VD) controlled creep, while the second term describes 
creep controlled by the MD. As an alternative, the Garafalo and Darveaux's hyperbolic 
sine law model [22] can be used, which fits well with creep data for SnAg and SnAgCu 
solders at all stresses: 
(2-6) 
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where a,q is the Mise equivalent stress, C1 and C2 are material constants. Compared 
with the double power-law equation, the hyperbolic-sine law model has fewer 
parameters, which defines its wider application [23]. 
Although the majority of failures in the solder joints are caused by creep fatigue, 
specific devices, such as mobile phones, smart cards, notebooks and automobiles, can 
experience additional pure mechanical load [24]. Sometimes the resulting stress 
exceeds the yield point of the solder. In such a case, the time-independent deformation 
should be taken into account. There are two major types of constitutive models for this 
case: non-unified and unified constitutive models (UCM). In the non-unified model, the 
creep and plastic deformations are dealt with separately, and the inelastic deformation is 
considered to be a direct combination of these two deformation components: 
(2-7) 
where &otat is the total inelastic strain, tp is plastic strain. UCM deals with the creep and 
plastic deformation within the same inelastic component so that it can consider their 
deformation, interaction and damage simultaneously. The most common UCM for 
solder materials is an isotropic hardening model, which was established by L. Anand in 
1982 [25]. In this model, the stress term a is replaced by als and the hyperbolic sine 
law is modified as 
(2-8) 
where s is the stress multiplier, s is the internal scalar state variable that denotes the 
resistance to inelastic deformation. The evolution of s is desCribed by 
s =ho(1-;. Jm' (2-9) 
(2-10) 
where ho, s and n are material constants. s • corresponds to its saturation value. s is 
zero for a constant strain and temperature. While the Anand's model can capture the 
major strain hardening characteristics of materials [26], it neglects the kinematic 
hardening effect, which is essential for the material under cycling load. McDowell' s 
UCM can take both isotropic and kinetic hardening into account, and has been used for 
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both Ph-containing and Ph-free solder [27-30]. A simplified McDowell model has the 
following form: 
. s-a [3 ((s.))" [ ((s.))•+Il J Q) 
s., =liS- all \l"zA D exp B D ex,\- RT ' (2-11) 
s. =~lls-aii-R, (2-12) 
where S is the deviatoric stress tensor, a is an internal state variable representing the 
deviatoric back stress, R is the yield stress, which depends on both temperature and 
strain hardening, Sv is the so-called viscous overstress, D is the drag stress. The 
evolution laws for a and D have a similar form to that described by Eqs. (2-9) and (2-
10). 
The constitutive equations based on the steady-state creep behaviour require that 
creep curves are similar and the second stage dominates throughout the creep 
deformation. However, the solder creep is a rather complicated process, in which 
hardening, recovery, recrystallization and damage evolution take place simultaneously. 
Sometimes, the tertiary region immediately follows the primary state without exhibiting 
a significant secondary creep stage. In this case, the stable creep or the minimum creep 
rate cannot represent the whole creep process. To describe the creep curve from the 
primary to tertiary stage, the nonsteady-state creep equation such as the theta-project 
concept is proposed [31]: 
e, =81(1-exp(-82t))+83 (exp(-84t)-l), (2-13) 
where 81 and tiJ are parameters related to strain hardening and weakening respectively; 
£h. and 84 are rate constants related to strain hardening and weakening, respectively. 
2.2.2 Fatigue models 
Fatigue models generally describe a relation between the life of a material and its 
mechanical responses. They play a critical role in predicting fatigue life of solder joints 
since they serve as a link between the results of FE analysis and the number of cycles to 
failure. Generally, the fatigue models for solder materials can be divided into two major 
categories: 
(i) strain-based model; 
(ii) energy-based models. 
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In the strain-based model, the total strain can be divided into elastic, creep and 
plastic parts. Each strain can be further divided into normal and shear types. When the 
damage is predominantly caused by one type of strain, the fatigue model can be written 
as: 
(2-14) 
where i denotes the strain type, dtl is the corresponding strain amplitude, Ni is the 
number of cycles to failure, q and ni are material's constants. The Coffin-Manson's 
normal plastic strain model, Solomon's shear strain model and Kneht and Fox's matrix 
creep fatigue model follow this form. In some cases, more than one type of strain 
contributes to damage formation simultaneously. To account for this effect, a simple 
method is to replace the individual strain in Eq. (2-14) with the sum of elastic and 
plastic strains, for instance, in the Engelmaier model. A more acceptable combination 
method is the Miner's linear superposition principle: 
1 1 
Nr = L N;' (2-15) 
where Nr is the number of cycles to failure, M represents the contribution of the 
individual strain dtl to the whole damage. 
The energy-based models are more advanced than the strain-based model because 
they account not only for the strain amplitude but also the stress effect by using the 
energy term in the fatigue model: 
(2-16) 
where W0 and k are the material constants, MVt is the dissipation of energy per cycle. 
MVt is determined by measuring the area of the hysteretic loop for a loading-unloading 
cycle [32]. A drawback of this model is that MVt is considered for a singe point. For 
instance, when the shape of the solder joints is complicated, the FE analysis result is 
usually taken for a critical point, such as a sharp angle between the substrate and solder 
joint. In this case, the model underestimates the solder fatigue life. To overcome this 
shortcoming, the average strain energy for the whole critical area is used. Accordingly, 
Eq. (2-16) is changed to: 
(2-17) 
where MV.otal is the total energy of the potential failure area. 
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2.3 Continuum damage mechanics model 
FEM-FM approach is the most popular and widely used to evaluate the reliability of 
solder joints. This is mainly due to its simplicity and a relatively short computing time. 
However, there is a major drawback associated with this method. It assumes that the 
microstructure and corresponding properties of solders remain constant during their 
entire service. As a result, the stress-strain hysteresis loop of a joint approaches a stable 
shape after a few cycles in the calculation, and the mechanical responses seldom change. 
Therefore, most FEM-FM approaches use FE results in the fourth cycle for fatigue 
analysis. However, both SnPb and Ph-free solders become softer under cyclic loads due 
to the deterioration of the material's microstructure [33, 34]: the stress amplitude 
decreases under a constant cyclic strain load; or the strain response to a constant cyclic 
stress increases. In this case, the FEM-FM approach underestimates the fatigue life of 
solder joints based on most fatigue models. In addition, the assumption limits the 
capacity of FEM-FM to predict the evolution of solder microstructure, and the effect on 
the mechanical response. 
Based on the suggestions that softening phenomena result from the nucleation and 
growth of voids and micro-cracks, and these micro-damaging processes are localized 
and irreversible, continuum damage mechanics (CDM) models are proposed to describe 
the interactions between the mechanical behaviour and damage. Due to their ability to 
simulate the material deterioration under mechanical loads, they are widely used to 
predict the damage behaviour in metals, alloys and ceramics. In this section, we mainly 
review CDM models that are suitable for creep of solder materials. Generally, there are 
three main steps to establish a CDM model: 
(i) define damage variables to quantify the physical damage mechanism; 
(ii) introduce these variables into the constitutive model to account for softening 
phenomena; 
(iii) define the damage evolution law. 
The damage variables in CDM are usually defined as the surface fraction occupied 
by cracks and voids in arbitrary cross-section plane of an element. They can be a scalar, 
vector, second order or even fourth-order tensor. It depends on the nature of the 
material's damage. For isotropic damage, the scalar variable D is enough and defined as: 
M D=A, (2-18) 
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where A is an original, undamaged area, M is the damaged area. To describe 
orthotropic damage, the second-order tensor variables are more preferable. This damage 
tensor is generally defined as [35]: 
3 
D = I,Dknk ®nk, 
k=l 
(2-19) 
where Dk and Dk are principal values and the unit vector of principal directions of the 
tensor D. The second-order parameter can also deal with a weak anisotropic damage 
behaviour. However to fully describe the anisotropic damage, the fourth-order tensor is 
required. 
In terms of introducing the damage variables into the constitutive model, there are 
four major methods: 
(i) the strain equivalence principle; 
(ii) the energy equivalence principle; 
(iii) the purely phenomenological method; 
(vi) the damage mechanism-based method. 
In the strain equivalence principle, it is stated that: a damaged volume of material 
under the nominal stress a shows the same strain response as a comparable undamaged 
volume under the effective stress a [36]. For isotropic damage, the effective stress is 
defined as 
- a a=--. 
1-D 
(2-20) 
Compared with other methods, the strain equivalence principle is easy to understand 
and readily used. Therefore it is supported by a large number of researchers. Applying 
this principle to the elastic system, its elastic stress-strain relationship for isotropic 
damage changes to 
a=Ee, (2-21) 
where E is the modulus of elasticity due to damage and can be expressed as 
E=E(l-D), (2-22) 
where E is the original undamaged elastic modulus. 
It should be noted that the strain equivalence principle assumes that the Poisson's 
ratio is unaffected by the damage. However, the evolution of damage does change the 
Poisson ratio for some metals. In these cases, the energy equivalence principle is 
recommended. For the isotropic damage, the equivalent Young's modulus changes to: 
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(2-23) 
The pure phenomenological model begins with the strain equivalence principle. A 
single scalar damage variable m is used and, the power law equation under the uniaxial 
load is revised as: 
. . (a/a0 )" ec =Eo-- ' 1-m 
dJ (a/a0 )" 
dJ0 = (1-m}- ' 
(2-24) 
(2-25) 
where t 0 , n and dJ0 , v, If/ stand for the temperature-dependent material constants in the 
creep law and the damage growth rule, respectively, and 00 is a parameter associated 
with the stress. These equations are capable of predicting the effect of damage evolution 
on tertiary creep but not suitable for primary creep. To take the primary creep into 
account, a decaying term f' is added to Eqs. (2-24) and (2-25) [37]: 
. _ . (a/ao )" m e, -e0 -- t , 1- (J) 
dJ (a/ao )" m 
dJ0 (1-m)• t ' 
(2-26) 
(2-27) 
where t is time, m is a material constant and less than 1. Under multiaxial conditions, 
Eqs. (2-26) and (2-27) are generalized as [38] 
·ij _ 3 . (a/a0 )"-t [ sY }m 
ec --eo n - ' 2 (1-m) a •• (2-28) 
. a" ~=B eq tm 
. ( )• ' m0 1-m (2-29) 
Where e~ are strain components, su are deViatoric stresses and v is an exponent for 
Fig. 2-4 presents the evolution of creep strain and strain rate under a uniaxial 
constant stress as described by the general and purely phenomenological CDM models. 
It can be seen that, with the proper definition of constants, purely phenomenological 
CDMs are able to capture the creep behaviour throughout the three creep stages. 
However, the phenomenological models can deal only with some of the basic creep 
problems concerning damage. In these models, most parameters are derived from the 
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experimental creep data; therefore, they do not have a clear physical meaning. To treat 
more complicated cases, the damage-mechanism based methods, which are based on 
the microstructural observations or physical foundations, are developed. In this type of 
model , two or more scalar damage variables are introduced to capture different damage 
mechanisms. A typical example of such models was formulated in [39]: 
(2-30) 
(2-31) 
(2-32) 
(2-33) 
(2-34) 
Where H*, D, N and Kc are material constants. ln this model, besides the variable ro1 
and w2 for the softening behaviour, another internal variable H is introduced into to 
describe the primary creep. 
(c 
(b 
(a 
(c (b 
(a 
Fig. 2-4 Evolution of creep strain and strain rate under constant stress: (a) models based 
on the steady-state creep such as Eqs. 2-1 , 2-2 and 2-6; (b) pure phenomenological 
models such as Eqs. 2-24 and 2-25; (c) pure phenomenological models such as Eqs. 2-
26 and 2-27. 
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Another evolution rule of damage can also be obtained by means of the 
thermodynamics-based method [ 40]. ln this kind of model, the conjugate force, Y, 
corresponding to the damage variable is established. Then the damage evolution rate is 
deduced from the potential release rate concerning damage: 
iJ=_a'l/ 
ar · 
(2-35) 
where '1/ is the di ssipation potential. The elastic part in the conjugate force has been 
well established by J. Lemaitre and J . L. Chaboche [41]. The difficulties lie in the way 
to introduce damage into the inelastic part and the corresponding damage dissipation 
potential. 
2.4 Microstructure-based models 
Both FEM-FM and CDM are continuum-mechanics models that describe the 
material behaviour at a macro scale. At this scale, the ratio of the size of a specimen to 
that of its microstructure is considerably large such that the materials have a 
homogenous and isotropic perfonnance. Therefore, microstructural features can be 
neglected. However, at the meso or micro scale, dimensions of microstructural features 
are comparable with those of a specimen. Both the individual and interacting 
characteristics of microstructural features should be taken into account. This needs a 
more specific model that can describe these complicated behaviours. In this section, two 
types of model, which have the potential to deal with the microstructure-dependent 
behaviour at the boundary and within the body of microstructural features, are reviewed. 
2.4.1 Cohesive zone model 
The cohesive zone model (CZM) is an approach introduced to capture the 
mechanical behaviour of an interface between two media. Its concept was first proposed 
for brittle fracture in 1959 [42] . After nearly 50 years of development, models based on 
this approach have been successfully used to describe several small-scale material 
behaviours, such as fracture of solid at the nano or atomistic scale [43] and micro scale 
grain boundary sliding [44]. In CZMs, the two media adjacent to the cohesive zone 
could be materials with considerably different properties, such as various phases and 
grains. Together with the ability to solve complicate non-linear interfacial problems, 
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these merits make CZM one of the most promising approaches to deal with the 
interactions between microstructural features in metals. 
ln most CZMs, a thin layer (cohesive zone) is created at the interfacial boundary 
between two materials. lts faces are ideally bonded with these materials. An example of 
FE CZM is given in Fig. 2-5 . Continuum elements 1 and 2 correspond to two materials, 
respectively. They are connected by a cohesive zone element (element 3). The thickness 
of the cohesive zone layer is very small, it could even be zero, depending on the 
definition, therefore, its volume can be neglected, and the two materials are considered 
to be still in contact after the introduction of this interfacial layer. In this case, 
additional mechanical behaviour could be introduced at the interface through an 
appropriate definition of a constitutive equation for the cohesive zone/element. This 
makes it possible to establish the complicate interfacial behaviour rather than the 
traditional ideal bonding. 
Node3 Node2 
Element I 
[ Eleme:t3 1 
Node 4 o----'::..~L.- Q) Node I 
Node 7 Node 6 
Element2 
Node 8 NodeS 
Fig. 2-5 Two dimension (2D) FE CZM at the load-free state. Elements 1 and 2 are 
common four nodes rectangular element; element 3 is a cohesive zone element. The 
position for nodes 1 and 4 are the same as that of nodes 6 and 7, respectively. The 
volume of element 3 is zero. 
Typically, the constitutive response of the interfacial cohesive zone is divided into 
normal and tangential components. Fig. 2-6 illustrates the corresponding pure opening 
and shear deformation. The stress in each direction is defined as a function of these 
opening and traction displacements; the specific relation depends on the application. In 
the area of interfacial behaviour between particles and the matrix, Needleman's CZM 
[45] is one of the most common and widely accepted models. In this model, the 
interfacial work potential is defined as: 
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/).* 
r=-n 
0 ' 
n 
(2-36) 
(2-37) 
(2-38) 
where e = 2.7184; l!!.n and 1!!.1 are the normal opening and tangential traction at the 
interface, respectively; f/Jn is the energy required to separate the adjoining media when 
the interface undergoes pure opening deformation; O"max is the maximum normal stress 
under the pure opening. In the case of pure tangential traction deformation, the energy 
of separation is determined by fA =qf/Jn. Parameters ~ and & are characteristic normal 
and tangential length scales, respectively. Parameter l!!.•n is the value of l!!.n when the 
interface is completely traction-separated, and the normal force is zero. 
Laoding direction Laoding direction 
Node3 D Node2 
Node3 \=J Node 2 r 
Element I 
Node 4 ( 
Element 3 { 
Node I Node 4 
Node 7 Node 6 Node 7 Node6 
Element 2 Element 2 
~ 
Node 8 D Node 5 Node 8 Node S 
Opening Shear 
Fig. 2-6 2D FE CZM under pure opening and shear deformation 
In the Needleman's CZM, the normal and tangential stresses, Tn and Tt. are 
conjugate forces of the opening and tangential displacements, respectively. Therefore, 
they can be deduced from the interfacial potential by T; = of/Jn fo!!!. , and Tn = of/Jn jol!!.n , 
which result in: 
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Fig. 2-7 plots the normal and tangential stresses vs. the opening and tangetial 
deformation. It can be seen that the stresses need to exceed a maximum value (amax and 
Zinax) before the cohesive zone becomes damaged. This means that Eqs. 2-39 and 2-40 
are not suitable to the interfacial damage behaviour under the low load and high cycle 
loads such as creep and fatigue because these loads are usually in the range of the safety 
zone as shown in Fig 2-7. In these zones, the deformation can recover after unload, and 
a solder joint will have an infinite life. To describe the deterioration phenomenon under 
the cyclic load, damage variables, similar to that of the CDM approach, are generally 
introduced, and Eqs. 2-39 and 2-40 change to: 
(2-41) 
(2-42) 
where D1, D2 , • • · , D1 are the damage variables, l is the number of damage variables. 
. 
X 0 :; . X 
E 
;; 
E t) Or 1-J I) 
c 
-(>'I .0~ 
.1. 0 
n n 
_, \.__ _ _ ..,-_ --.. -~ --f-: -o-t____. _ ___. ___ ____J-' 
~ 0 
l t 
Fig. 2-7 Relationships between the normal, tangential stresses and the opening and 
tangential traction, respectively, in Needleman's CZM 
Recently, CZMs coupled with damage, which are described using a relation similar 
to Needleman 's model, have been used to investigate the reliability of different parts of 
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solder joints [ 46] and at the IMC interface [ 47], as shown in Figs. 2-8 and 2-9 
respectively. In these models, damage evolution laws are based on the 
phenomenological method. The normal damage laws adopted by M. G. D. Geers et al. 
have the following forms [46]: 
(2-43) 
where Dn presents the ratio between the damage area to the original damage-free one 
across the cohesive zone; en is a constant, which controls the damage accumulation; 
Li" is the rate of the relative opening of the cohesive zone; r and m is are constants 
which control the decay of the reaction force at the final stage of damage and O'r is the 
cohesive zone endurance limit. The damage tangenial to the cohesive zone, D~, has the 
same evolution equation as Eq. 2-43. 
la I = 500: D .. = 0.14 
e ll 
--~···'*' 
·-- ~-··· .• . .
• .. --· .  e•,,-. •e ·~~····· - ..... ,....._ 
(C) N = 2000· D = 0 31 
• eft ·• 
!hi 
(d ) 
= I 000; D err= 0.22 
N = 8000: D ·r= 0.4 
cl 
Fig. 2-8 Damage distributions in SnPb solder bumps at different cycles. N is the number 
of cycles; D eff is the effective damage; white lines indicate damaged cohesive zones 
[46]. 
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(b) 
Fig. 2-9 Damage distributions at SnAgCu grain boundaries and IMC interface: (a) 
before loading; (b) after loading [47]. 
2.4.2 Crystal plasticity model 
Most of the microstructural features of Ph-free solders at or below the grain level, 
such as Sn dendrites, A~Sn and Cu6Sn5 IMCs in the SnAgCu alloy, are single crystals 
and behave anisotropically due to their internal crystalline structures. To describe their 
individual mechanical behaviour, models suitable for single crystals are required. 
Crystal plasticity (CP) is one of such approaches and widely used to link the local 
microstructure to a material ' s behaviour at the meso scale. Generally, these models can 
be divided into two types: local and non local ones. One of the former models was first 
established by Rice etc. in the early 1970s [ 48], and further developed for numerical 
applications by Asaro [ 49]. 
Within the framework of small deformation, the total strain E 10181 in local CP theory 
is decomposed into elastic strain Ee and plastic strain EP: 
(2-44) 
The elastic behaviour follows the Hooke' s law, and stresses are expressed as 
(2-45) 
where C denotes the fourth-order elastic stiffness tensor. Here, C has 21 independent 
components, and can fully describe the anisotropic elastic behaviour of a crystal. The 
plastic behaviour results from the combinational contribution of sliding in each slip 
systems, and can be expressed as: 
N 
E ="' s (aly (al 
p L..J p ' 
a>: I 
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where N is the number of active slip systems, r~a) is the absolute shearing in the slip 
system a and s(a) is the Schmid tensor. Here, is expressed as: 
s (a) = ~ (m(a) ® n (a) +n(a) ® m (al ), (2-47) 
where n(a) and m(a) are the slip direction and the normal to the slip plane, respectively, 
with lm (a)l = ln (a) l = 1. For viscoplactic materials, the shear strain rate of the ath slip 
system is defined as a function of the corresponding resolved stress -r<al and hardening 
variable g <a> : 
( 
(a) J ,;,(a) = .,;,(a) f <al _1:_ 
lp 1 0 (a } ' g 
(2-48) 
where -foal is a reference slip rate on slip system a; f <a> is a nondimensional function 
that describes the dependence of strain rate on the stress. The most widely used forms 
for f Ca} is power law: 
(2-49) 
[n Eq. 2-48, the resolved stress is derived from: 
'l'(a} = s(a) : (J. (2-50) 
The hardening variable describes the current stress of that system. It evolves with the 
slip in all slide systems. Its rate is expressed by 
(2-51) 
where hap are the slip hardening moduli ; hap is self and latent hardening moduli when 
a = f3 and a :t= f3 , respectively,. 
At the macro scale, the mechanical behaviour of most metals and alloys are 
localized because strains at a material point are only determined by the mechanical 
responses, such as stresses, in the same point. This is one of the basic assumptions for 
most plastic theories of continuum mechanics However, at the micro or nano scale, the 
plastic behaviour is expected to be non-local because: 
(i) the plastic behaviour of a crystal results from the movement of lattice defects such as 
dislocations and vacancies; 
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(ii) the lattice defects have strong short-range interactions, such as the Peach-Koehler 
force between a pair of dislocations, which considerably influences the moving 
behaviOur of the adjacent defects. 
To account for these non-local phenomena, non-local CP theories were developed. 
In the non-local CP model developed by Shu and Fleck, the strain gradients, together 
with higher-order stresses, were introduced to consider interactions between 
dislocations [50]. In Curtin' s theory, a notion of additional free energy was proposed 
based on the presence of geometrical necessary dislocations [51]. The trend to dissipate 
this energy results in the repulsion force between dislocations. The introduction of these 
non-local CP theories not only helps to further understand the small-scale behaviour of 
an individual single crystal but also the effect of substructures within a grain. For 
instance, the reinforcing mechanisms of additional particles in the crystal matrix, which 
is a general structure for a grain in most alloys, are interpreted in terms of the 
interaction between particles and dislocations in the matrix. Figs. 2-10 and 2-11 present 
an example of this type of studies [52] . It can be seen that the morphology, size and 
distribution of additional particles has a considerable effect on the mechanical response 
of the entire crystal/grain. 
2w 
Fig.2-1 0. Unit celJ for a composite material. The matrix is a single crystal. It undergoes 
a pure shearing load in direction X1 2- Periodic displacement boundary conditions are 
applied to its periphery boundaries. The inserted additions are hard elastic particles. Its 
size is 2wr x 2hr; we= hr = 0.416h for material (i) and wr = hr = 0.588h for material (iii). 
In both cases, the area fraction of reinforcement is 0.2. This condition determines the 
dimension w. 
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Fig. 2-11 Average shear stress, '~"avc, versus shear strain, r, curves: (a) material i and (b) 
material iii, c/1 indicates the intensity of nonlocal effect (ell ~ oo corresponds to pure 
local behaviour ). 
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2.5 Summary 
In general, the FEM-FM approach is the simplest method, and has been well 
established. It can provide high calculation efficiency, and therefore, is suitable to deal 
with large-scale models such as a 3D entire package. The CDM method can capture the 
creep behaviour from primary to tertiary stage by introduction of additional damage 
variables. But it needs much more parameters to describe various damage mechanisms 
and their evolution laws. For Ph-free solders, this approach is still new. More 
experiments are required to investigate the damage phenomena and their effect on the 
mechanical behaviour. Both FEM-FM and CDM are based on continuum mechanics 
and widely used for material behaviour at the macro scale. At the meso and micro scale, 
the influence of microstructure features should be accounted for. Both CZM and CP 
model are introduced to describe the local microstructure-dependent behaviour at the 
boundary and within the body of a component, respectively. However, to properly 
apply these advanced models, deep understanding of the microstructures and their 
natural mechanisms for all the major types of deformation is necessary. In Chapter 3, 
the latest developments in these areas for Pb-free solders are reviewed. In Chapters 7 
and 8, a constitutive equation is developed for a SnAgCu grain within the framework of 
local CP. 
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Chapter 3 Microstructure, Mechanics and Failure Behaviour of 
Ph-free Solders 
This chapter reviews the microstructure, mechanics and failure behaviour ofPb-free 
solders based on experimental investigations. The discussion is mainly focused on 
SnAg and SnAgCu alloys. The microstructure of these two alloys is presented first. 
Then their interface formed with a common UBM in introduced. Possible creep 
mechanisms that can be used to interpret the creep behaviour of solder alloys are 
reviewed. Finally, the deterioration of the solder microstructure under creep is 
discussed. 
3.1 Internal microstructure of SnAg and SnAgCu joints 
The microstructure of the eutectic Sn3.5Ag solder is composed of AIDSn IMCs and 
a ~-Sn phase. The size, morphology and distribution of these constituents are not 
uniform. The most important factor for their characterization is a cooling rate during 
solidification [53, 54]. At a cooling rate close to the equilibrium condition, large needle-
or rod-like AIDSn IMCs are formed randomly in the Sn-rich solution, resulting in the 
nearly pure eutectic structure. Fig. 3-1 shows the microstructure of the eutectic SnAg 
solder obtained under a low cooling rate 0.08 K/s. In a normal manufacturing process of 
solder interconnections, the cooling rate is substantially higher than 0.08 Kls, and the 
alloy system deviates from the equilibrium condition. Large Sn dendrites are formed 
and they are surrounded by the SnAg eutectics. In such a solder joint, the eutectic phase 
is composed of the Sn-rich solution (matrix) with spherical AIDSn IMCs dispersed in 
the matrix. Fig. 3-2 shows this type of microstructure. It was achieved with the cooling 
rate 0.5 K/s. When the cooling speed increases further, the growth of all phases and 
IMCs is limited by the reduction oftime for atom diffusion, resulting in the decrease of 
'\ 
both the Sn dendrite size and its arm spacing, and also a finer substructure within the 
eutectics as shown in Fig. 3-3. It should be noted that Sn dendrites contain several 
subgrains rather than a single grain as shown in Fig. 3-2 and 3-3. Fig. 3-4 shows that the 
Sn matrix of SnAg eutectics also consists of a large number of subgrains, which are 
smaller than those of Sn dendrites on average. 
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Fig. 3-1 Microstructure ofSn3.5Ag solder at the cooling rate 0.08 K/s [54] 
Fig. 3-2 Microstructure of Sn3.5Ag solder at the cooling rate 0.5 Kls [54] 
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Fig. 3-3 Microstructure of Sn3.5Ag solder at the cooling rate 24 K/s [54] 
Fig. 3-4 Microstructure of Sn3.5Ag solder [55] 
Compared with SnAg solder, a SnAgCu alloy includes an additional element-Cu. 
This results in the presence of an additional component, Cu6Sns lMCs, in the alloy. 
Therefore, the microstructure of the SnAgCu ternary system is composed of A~Sn, 
Cu6Sns IMCs and ~-Sn. Generally, Ag3Sn, Cu6Sns lMCs are dispersed in the ~-Sn 
matrix, forming SnAgCu eutectics. However, as in the SnAg solder, a high cooling rate 
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in the manufacturing process can cause the system to deviate from the equivalent phase 
formation. Large Sn dendrites can also be formed in the solder; and the substructure of 
the eutectics becomes finer. Figs. 3-5 and 3-6 the show microstructure of Sn4Ag0.5Cu 
solder for a high and low cooling rates, respectively. The specific microstructure of 
SnAgCu alloy depends not only on the cooling condition but also on the alloy' s 
composition since there is still no agreement on its most suitable composition as 
demonstrated in Chapter 1, and solders with several compositions are under 
development and investigation. When the solder composition deviates from the eutectic 
point, the primary phase A or second primary phase B are formed before the eutectic 
reaction: 
L= L+A (primary reaction), 
L+A=L+A+B (second reaction), 
L+ A+B =A+B +C (eutectic reaction), 
(3-1 ) 
(3-2) 
(3-3) 
where L is the liquid solder, A and B are random combination of the A~Sn, Cu6Sn5 or 
Sn dendrites. The process depends on the solder composition: for instance, if the Ag 
content is higher, Ag3Sn precipitates prior to the eutectic reaction, resulting in large 
plate-like IMCs as shown in Fig. 3-6. Generally, a high cooling rate can suppress the 
growth of A~Sn plates because the system rapidly goes into the eutectic PT, leaving 
little time for primary and secondary reaction. Fig. 3-5 also shows that each Sn dendrite 
in SnAgCu solder is composed of several sub grains, which is similar to the structure of 
Sn dendrites in the SnAg solder. However, recent EBSD results [56) have shown that 
Sn dendrites and the Sn matrix of adjacent eutectics are formed in the same crystal 
direction as shown in Fig. 1-3, indicating that they are a single crystal rather than a 
polycrystalline one, which is further confirmed by the Polarized Light Microscopy and 
Orientation Imaging Microscopy (OIM) [56, 57]. A.U. Telang found that a SnAg solder 
joint also contained few grains using OIM technology [58). 
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Fig. 3-5 Microstructure of eutectic Sn4Ag0.5Cu solder after rapid solidification [59] 
Fig. 3-6 Backscattered electron micrograph ofSn4Ag0.5Cu solder paste [60] 
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3.2 Interface between SnAg and SnAgCu solder with Cu and Ni pads 
In the manufacturing process of interconnections in electronics, one cannot simply 
apply soldering materials directly onto the UO ports of the integrated circuit since most 
of the l/0 pads are made of Al, which has poor wettability with most Sn-based solder 
alloys. UBMs are required to enhance solderability. During the joining process, several 
chemical and metallurgical reactions occur between the molten solder and UBM, 
forming layers of lMCs at the molten solder/UBM interface. In contrast to alloy 
mixtures, these interfacial IMCs are the product of chemical reactions between the joint 
components and consequently to enhance bonding at the interface. However, due to 
their inherent brittle nature and the tendency to generate defects, IMCs that are too thick 
and coarse can degrade a joint [ 61). When a solder joint is miniaturized to the size 100 
)..UTI or even small, these interfacial reactions should be treated more carefully because 
the ratio of IMC thickness to the size of solder joint will became high, and there will be 
a few IMC grains formed at the interface. In this case, the size, morphology and even 
orientation of an individual interfacial IMC grain will play an important role in the 
mechanical performance. At the same time, the interfacial reaction could easily change 
the composition of solder joint by introducing additional elements from UBM, and 
consequently influence the microstructure and mechanical properties of the joint. 
Furthermore, when the chip is attached to a substrate with a small distance, the 
reactions on both sides of interface will interact with each other, causing metallurgical 
problems [ 1 0). Therefore, the structure of interfacial IMCs plays an important role in 
the reliability of a joint and attracts wide attention and investigation. 
The most common UBM material for the traditional SnPb solder is Cu. When the 
molten solder meets with the Cu substrate, Cu reacts with Sn, forming interfacial CuSn 
IMCs. For SnAg and SnAgCu eutectic alloys, there are similar types of reactions. After 
soldering, a sandwich structure of CuSn IMCs is formed at the interface. On the solder 
side of the interface, there is a thick layer of Cu6Sn5 IMCs with large grains. Fig. 1-3 
shows morphology of the Cu6Sn5 IMC layer generated in the Sn3.8Ag0.7Cu solder. 
Between the Cu6Sns IMC layer and the Cu substrate, there is a very fine layer of Cu3Sn 
fMCs. The Cu UBM has good wetting properties with SnAg or SnAgCu Pb-free solders. 
However, the interfacial reactions are too intensive. This can either lead to too thick 
layers ofiMCs [62] or consume the UMB too fast. In some cases, it can consume all Cu, 
leading to spalling of the IMC layer into the solder [63] . As alternatives, pure Ni or Ni-
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alloy based UBMs, such as electroless Ni-P, provide a lower reaction rate with the 
molten solders [63, 64] . But this brings out poor wettability. In order to enhance 
solderability of the UBM, a layer of Au is conventionally plated on the Ni layer. Fig. 3-
7 shows the structure of the UBM on the chip side. During the reflow, Au quickly 
dissolves into the solder and Ni begins to react with Sn, forming a layer of needle-like 
NhSI14 IMCs at the beginning. With the reflow time increasing, Ni3S114 IMC grains 
change to boomerang-type and chunk-type as showed in Figs. 3-8- 3-10. Dissolved Au 
reacts with Sn, forming fragile At4Sn in the solder body after solidification. 
AJ 
Passivation 
Si 
Fig. 3-7 Schematic diagram of Au/Ni(P)/ A1 UBM 
Fig. 3-8 Needle-like NhSI4 IMCs formed after 5 s reflow at 524 K [65] 
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Fig. 3-9 Boomerang-type Ni3Sr14 IMCs formed after 30 s reflow at 524 K [65] 
Fig. 3-10 Chunk-type Ni)Sr14 IMCs formed after 600 s reflow at 524 K (65] 
3.3 Creep mechanisms of SnAg and SnAnCu solder 
SnAgCu solder shows the different stress components and activation energies in the 
power-law constitutive equation (Eqs. 2-1 and 2-2) under different stresses and 
temperatures (65-67]. SnAg alloy is in the similar case. This indicates that there are 
different creep mechanisms dominant under different loading conditions. Under a low 
stress and high temperature, it is generally considered that stress-induced VD plays a 
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dominant role and controls the creep behaviour of metals and alloys: in the lattice of a 
metal/a11oy there are large amounts of therrna11y-activated vacancies. The amount of 
vacancies increases with a temperature rise. Under a stress-free state, their movement is 
random, and there is no deformation. Under external loads they tend to move in the 
direction that can relax the stress, leading to creep. Fig. 3-1 1 illustrates the creep 
deformation due to the movement of vacancies within a grain under external load. In 
fact, vacancies can also move along grain boundaries. This is one of the major 
mechanisms for grain boundary sliding. Under a high-stress condition, SnAg and 
SnAgCu solder exhibit a much higher stress exponent and a much better creep-resistant 
performance than pure Sn. One explanation is that A~Sn and Cll6Sn5 IMC particles at 
phase boundaries pin the sliding between SnAgCu grains because there is nearly no 
boundary slide during the creep deformation [54]. Another explanation is that the IMC 
particles in the Sn matrix can prevent the MD; the latest experiments have demonstrated 
that dislocations can be pinned by Ag3Sn particles in the SnAg solder [65]. In both 
explanations, the existence of particles in the Sn matrix plays a dominant role in the 
hardening phenomena. Therefore, the strengthening effect due to additional particles is 
reviewed. This helps to better understand the effect of substructures on the mechanical 
behaviour of SnAgCu grains. 
Voids d iffusion 
direction 
Load direction 
1:J 
(a) (b) 
Fig. 3-11 Illustration oflattice-diffusion controlled creep: (a) voids' movement trends· 
(b) deformation after creep. 
Untill now several models have been proposed to quantify the effect of particles on 
the inelastic behaviour of alloys. The specific reinforcing mechanism mainly depends 
on the particle/matrix interface and the temperature. For coherent particles (the lattice 
of which is fully or nearly matches that of the matrix) at low temperature, dislocations 
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in the matrix can move into and pass through particles, eventually resulting in the 
shearing of particles. Fig. 3-12 illustrates the entire go-through process. During the 
shearing process the total interfacial area between particle and matrix increases as 
shown in Fig. 3-12. An extra shear stress is required to overcome this increase: 
3 I 
ay 2 r 2 
'( - _;_.::,_S ..,....-
- Gb 2 ' 
(3-4) 
where a. is a constant, G is the matrix 's shear modulus, b is the magnitude of the 
Burgers vector, r is a mean radius of the particles and rs is the interfacial energy 
between the particle and matrix. 
(a) 
(b) 
(c) 
...L. 
...L....L....L. • ,r,_~,.~-,.--------,.-
~...L.~--------...L.~...L.~...L.,IIIP~,.~,.~,.----------
...L. 
Moving direction of di locations 
Dislocation line 
(d) (f) 
Fig. 3-12 Dislocation line bypasses a coherent particle by shearing: (a) and (d) 
dislocations pile up during deformation; (b) and (e) dislocations go into coherent 
particle; (c) and (f) dislocations go through the particle, and the particle is sheared. (a), 
(b) and (c) are cross-section images. (d), (e) and (f) are top-view images. 
For incoherent particles at low temperature, dislocations cannot go through the 
particles but bow between them. The dislocations are pinned by the particles, and 
- 44 -
Chapter 3 Microstructure, Mechanics and Failure Behaviour of Pb-free Solders 
cannot go ahead until the applied stress is large enough to overcome the energy increase 
arising from the elongation of the dislocation line, and will leave a dislocation loop 
around the particle after the bypass. The required additional stress is the well-known 
Orowan stress [ 68] : 
0.84MGb 
(j -----
Or - A.- 2r , (3-5) 
where M is the Taylor factor, vis Poisson's ratio and /.. is the interparticle spacing. The 
Orowan bowing model has successfully explained the plastic behaviour ofFe-based and 
Al-based particle-strengthened alloys. Fig. 3-13 shows the Orowan bowing process. 
(a) 
(b) 
(c) 
Dislocation line 
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Moving direcuon of Dislocations 
~ 
0 
0 
(e) (f) 
Fig. 3-13 illustration of the Orowan bowing process: (a) and (d) before bowing; (b) and 
(e) bowing; (c) and (f) after bowing. (a), (b) and (c) are cross-section images. (d), (e) 
and (f) are top-view images. 
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At high temperatures, where creep is the dominant deformation mechanism, 
dispersed particles also have a hardening effect. An additional stress, generally named 
'threshold stress', is required to keep the creep strain rate, and the power-law 
constitutive equation can be revised as 
e = { ' -;;" • J ex{- R~ } (3-6) 
where Oih is the creep threshold stress. But the creep threshold stress cannot reach the 
full value of Orowan stress and the ratio between them seems unchanged with 
temperature [69]. Both the local climb and general climb mechanisms were proposed to 
explain this phenomenon, and they are applied for either the coherent or incoherent 
particles at high temperature. Fig 3-14 illustrates the climb over process. In the general 
climb model, dislocation can be released from the particle surface freely as shown in 
Fig. 3-14g, and the creep threshold stress can be expressed as 
a lh = 0. 04 fa Or ' (3-7) 
where f is the volume fraction of particles. But the value of the threshold stress is so 
small in the general climb model that it has almost no effect on the creep. In the local 
climb model, a dislocation line moves tightly along the interface between particle and 
matrix as shown in Fig. 3-14h, and the threshold stress is: 
a lh = 0.4aor. (3-8) 
Actually, the void flux in the matrix will unravel the dislocation from the 
particle/matrix interface and relax the dislocation line. So the creep behaviour might be 
a result of the combination of the local and general cLimb mechanisms. Rosier and Arzt 
[70] questioned these local and general climb mechanisms. Based on their TEM 
investigation, they pointed out that a dislocation 's detachment from the particle/matrix 
interface controls the bypassing process. In their opinion, the dislocation is attracted by 
a particle when it is bypassing, on the assumption that the dislocation energy at the 
particle/matrix interface is lower than that in the matrix. So the threshold stress results 
from the energy increase when a dislocation leaves the particle, rather than elongation 
of the dislocation Line at the beginning of the climb. The intensity of the attractive 
reaction between the particle and dislocation can be characterized by the relaxation 
factor kr. When kr: = 1, the particle has no effect on the dislocation movement. While 
when kr = 0, the threshold stress is equal to the Orowan stress. The creep threshold 
stress is expressed as 
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(j th = (j Or~} -k; (3-9) 
This model was supported by a later in-situ TEM investigation of oxide-dispersion 
strengthened NiAL, Nl)AL and FeAl [71], wruch demonstrated that the climb takes 
very short time and detachment dominates the whole bypassing process. 
(a) 
(b) 
(c) 
~~ ------~--~ ~-~------------­,,, 
TIT 
~ ~ · --------------11 
Moving direction of dislocations 
Dislocation line 
(d) (f) 
Dislocation line 
Fig. 3-14 Illustration of the climbing ofthe dislocation line over the particle: (a) and (d) 
dislocations pile up during deformation; (b) and (e) dislocations climb on the particle; 
(c) and (f) dislocations climb over the particle; (g) general climbing; (h) local climbing. 
(a), (b) and (c) are cross-section images. (d), (e) and (f) are top-view images. The 
direction of dislocation movement in (g) and (h) is normal to the plane of the figure. 
Recently, I. Dutta [66] studied the impression creep of Sn-Ag solder and suggested 
a stress exponent n = 6.5 and active energy Q = 65 kJ/mole for Eq. 3-6. He found that 
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the equation with those parameters agreed quite well with the experimental data at 
different strain rates and temperatures if the relaxation factor kr= cos 45°. This indicates 
that the creep threshold stress is 0.7070"0 r for Sn-Ag solder. 
Under the low stress condition, for example, when the equivalent stress is lower than 
the threshold stress, the external load is not large enough to detach the dislocation line 
from a particle directly. In this case, the energy fluctuation in the alloy system is 
required to provide the additional energy. Based on this assumption, Arzt proposed a 
thermal detached model for a hard particle in a low stress region [72]: 
. 3ApDv [ Gb 2r(1-krY12 (1- o-/ a 11J312 ] £ = exp- , 
b RT 
(3-1 0) 
where p is density of mobile dislocations, Dv is volume diffusivity. Oruganti et al. [73] 
simplified the Arzt model and suggested an experimental method to obtain all the 
parameters for their new model. Recently, Marquis [74] modified the Arzt model for 
shearable particles. 
3.4 Mechanisms of creep damage 
3.4.1 Experimental observations 
When the size of solder joints is relatively large, creep damage can originate from 
surface defects in the solder. The defects on the surface are mainly due to 
nonequilibrium solidification. Under a high cooling rate, a part of the solder solidifies 
first. When the temperature decreases further, shrinkage will induce voids on the 
surface of the solder. If the remain molten solder cannot compensate for these voids, 
surface damage can occur. Figs. 3-15 and 3-16 show surface cracks in Su3Ag0.5Cu 
solders. Under loads, cracks are possible to propagate based on these pre-existing 
surface defects, and eventually cause failure of the joint. In smaller solder joints, the 
shrinkage is not obvious. Less surface defects are formed. Inside a joint, two types of 
mechanical-induced damage have been found in the SnAg or SnAgCu alloys. The first 
type is linked with the nucleation and coarsening of voids at the boundaries between Sn 
dendrites and the eutectic phase as shown in Fig. 3-17. This phenomenon is explained 
by different thermal and mechanical properties of Sn dendrites and the eutectic phase, 
which result in stress concentration at this boundary under mechanical or thermal loads. 
When voids coalesce later, micro-cracks are formed. These micro-cracks propagate 
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along the boundary, causing the spalling of Sn dendrites from the eutectic phase. Fig 3-
18 shows the microstructure of Sn3 .5Ag after a long-term stress relaxation test. 
Fig. 3-15 Surface cracks in Sn3Ag0.5Cu solder after solidification [75] 
Fig. 3-16 Cross-section of surface cracks in Sn3Ag0.5Cu solder after solidification [75] 
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Fig. 3-17 Voids formed by cycling load under isotropic condition [76] 
Fig. 3-1 8 Microstructure of Sn3.5Ag solder joints after stress relaxation test at 423 K 
[77] 
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The second type is characterised by cracks taking place within both Sn dendrites and 
the matrix of eutectics as showed in Fig. 3-1 9. Kanchanomai 's experiments achieved 
the similar results as presented in Fig. 3-20. According to Kanchanomai 's opinion, 
these cracks are resulted from the polygonization due to the redistribution of 
dislocations [76] . ln Henderson's thermal cyclic tests [78] , it is found that a large 
amount of Sn dendrites are oriented along the same crystal orientation before the 
thermal cyclic test and suggested that these dendrites comprise a single grain in the 
SnAgCu solder. After thermal cycling, several small grains are formed within the 
original large grain, and cracks pass through boundaries between these subgrains. Since 
the orientations of the finer grains are different, Henderson attributed them to 
recrystallization. Formation of finer grains facilitates a further deformation by the grain 
boundary behaviour, giving rise to significant triple-point cavities and grain-boundary 
cracks which lead to failure in the integranular mode. 
Fig. 3-19 Microstructure of 95.5Sn3 .8Ag0. 7Cu after 2000 thermal cycles [79] 
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Fig. 3-20 Scanning Electron Microscopy (SEM) micrographs of replica films of the 
surface of specimen tested under cycling load of 1% total strain and 1 Hz frequency 
[76]: (a) 200 cycles; (b) 800 cycles. 
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3.4.2 Mechanism of voids nucleation and growth 
As be discussed in Section 3.4.1 , an initial damage tends to take place at the phase 
boundaries or subgrain boundaries in the SnAg and SnAgCu solders. To have a deep 
understanding of these phenomena, the mechanisms to form boundary damages in 
metals and alloys are briefly reviewed. 
There are three main theories explaining the damage behaviour of metals and alloys 
due to creep at boundaries [80]: 
(i) Accumulation of vacancies at the boundaries; 
(ii) Grain-boundary sliding leading to stress concentration at triple points and hard 
particles, resulting in cavities on grain boundaries; 
(iii) Pile-up of dislocations at grain boundaries at relatively low temperature and high 
stress. 
Fig. 3-21 illustrates nucleation of cavities at the boundary. The driving force to of 
cavity formation is linked with the work done by the applied stress plus the reduction of 
interfacial energy. The resistance is the energy required to form additional free surfaces. 
The change in the total free energy is given by: 
3-11 
where Oh is the hydrostatic stress, N is the number of vacancies, Q is the volume of each 
vacancy; Agb and Am are the surface areas of the boundary and void, respectively; /'gb 
and Y.n are the interfacial energy of the boundary and the metal surface. If the 
hydrostatic stress is constant, there exists a critical L1G•total for the critical size of the 
cavity. Thus, the nucleation rate of the critical size cavity can be expressed as: 
N = D n exp - •otal 
( 
!lG• ) 
gb o RT , 3-12 
where no is a material constant, D gb is the diffusion coefficient at the boundary. 
LJ Load direction 
Fig. 3-21 Illustration of voids nucleation at the boundary 
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After a stable cavity is formed, it will begin to grow. It is suggested that the cavity 
growth at elevated temperatures is controlled by two types of VD: transport along the 
grain boundary; and subsequently move on the surface of the cavity. Fig. 3-22 
illustrates these two VD processes. 
D Load direction 
Boundary diffusion 
Fig. 3-22 111ustration of the cavity growth process due to vacancy diffusion 
Fig. 3-23 illustrates the formation of voids by mechanism (ii). Under an external 
load, boundary sliding occurs. However, the intensity of sliding at each boundary is 
neither uniform nor matched. Voids can be formed at triple points under this 
deformation as shown in Fig. 3-23b. 
(a) D 
External loading direction 
D (b) 
D D 
Fig. 3-23 Voids formed at the triple point ofboundaries due to boundary sliding: (a) 
under external load, boundary sliding takes place; (b) void is formed at the triple point. 
Under a relatively large load and low temperature, the movement of dislocations is 
the major deformation mechanism. During deformation, dislocations move along the 
slip systems, piling up at the grain (or particle/matrix) boundaries as shown in Fig. 3-
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24a. The accumulation of dislocations produces an additional micro stress at the 
boundary. When the stress is large enough to overcome the energy increase to form a 
void damage occurs at the boundaries as shown in Fig. 3-24b. 
(a) (b) 
Fig. 3-24 Formation of voids due to the dislocation piling up at the boundary: (a) 
dislocation pile up at the boundary under deformation; (b) void is formed at the 
boundary. 
3.5 Summary 
Both SnAg and SnAgCu solder materials have the typical eutectic microstructure 
under a quasi-equivalent solidification. They and composed of the ~-Sn matrix with 
IMCs, such as Cll6Sn5 and A&JSn, distributed in the matrix. Under a certain degree of 
undercooling, the alloy systems can deviate from the equilibrium liquid-to-solid PT. 
Large Sn dendrites can be formed. The latest publications show that Sn dendrites and 
the matrix of the adjacent eutectics have the same lattice orientation, indicating that 
they belong to the same grain. This has also resulted in a new finding that a solder joint 
contains few grains. 
Extensive investigations have been conducted at the solder!UBM interface, and it 
has been known for long time that layers of IMCs are formed during the soldering 
process. With Cu and Ni UBMs, the interfacial structure is solder/CU6Sns/Cu3Sn/Cu and 
solder/Ni3Sn,JNi, respectively. However most of these interfaces are characterized after 
a solder joint is solidified. Little information is available during reflow. 
In terms of the mechanical and failure behaviour, most experiments are still based 
on bulk specimens. The deformation mechanisms are deduced from large amounts of 
tensile, compression creep data and the derived information, such as the stress 
component, thermal active energy and creep threshold stress. 
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Chapter 4 Meso-scale Mechanical Behaviour of SnAgCu Solder 
Joints 
4.1 Introduction 
As discussed in Chapter 1, due to demands for high-density assembly, solder joints 
in electronic packages continue to be miniaturized to provide more VOs. At the current 
stage, the size of most solder joints is below 1 mm. [n some packages, such as the FC, 
their scale has been miniaturized to one below 100 J..ll11. These dimensions just cover the 
range between the macro and meso scale for metals and alloys [81]. Recent publications 
reported that both SnAgCu and SnAg solder alloys contain only a few grains within a 
single joint [18, 56-58]. This indicates that the dimension of solder joints is shifting 
from the macro to meso scale. However, most of the current experiments on the 
mechanical behaviour of solder materials are still conducted on bulk macro scale 
specimens. It is highly suspected that the assessment of meso-scale solder joints based 
on these data is not accurate because the characteristic behaviour of materials can be 
considerably different at the varying scales. At the macro scale, a metal/alloy consists 
of a large amount of grains. The characteristic behaviour, such as elastic modulus and 
yield point, describes the average performance of all these grains, and therefore, is 
usually isotropic and homogenous. At the meso scale, a solder joint contains only one 
or a few grains. Its performance is expected to shift from the polycrystal-based to inter-
or intragranular-based. In this case, the individual behaviour of each grain, which 
performs similarly to a single crystal, plays an important role. Since ~-Sn, the matrix of 
SnAgCu solder, has a BCT structure as shown in Fig. 4-1 , the mechanical behaviour of 
a single grain is expected to have considerably anisotropic characteristics. In this case 
the crystal features, such as the grain orientation, can become key factors for the 
reliability of a joint at the meso scale. [n this chapter, a test is designed to demonstrate 
these expectations, and shows that the local microstructural features (especially grain 
features) should be considered to evaluate a meso-scale joint 
Normally, three types of the lattice-dependent behaviour are expected for a Sn-based 
grain: elastic, thermal expansion and inelastic ones. The first two types arise from 
different interatomic potentials in different crystal orientation and the change of these 
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potentials varies with temperature. While the last type is due to the non-uniform 
distribution of potential slip systems in 3D, and their different ability to be activated or 
to slide. All these mechanisms are assumed to determine the response of a SnAgCu 
grain and make a contribution to reliability of a solder joint. Recently, M. A. Matin and 
R. L. J. M. Ubachs investigated the response of an unconstrained solder alloy under the 
isotropic thermal cycling load and attributed its fatigue damage to the anisotropic 
thermal expansion and elastic properties of P-Sn matrix [82 - 84]. This chapter focuses 
on the grain-based inelastic behaviour for a SnAgCu alloy. Firstly, solder joints with the 
different geometry and cooling rate are fabricated for the microstructural analysis. Then 
shearing tests are performed to study the relationship between their grain features and 
the local mechanical behaviour of solder joints. 
(a) 
c 
lLa 
(b) 
c 
Fig. 4-1 Crystal structure of~ Sn. (a) Body-centred tetragonal unit cell; (b) Contracted 
diamond structure. Dimensions ofunit cell are 0.58318 nm along a and b, and 
0.31819nm along c. 
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4.2 Experimental procedures 
4.2.1 Specimen preparation 
ln the test, a commercial solder paste, Sn3.5Ag0.7Cu (by weight), was used to 
fabricate solder joints. The diameter of solder balls ranges form 5 Jllll to 12 f..lin, and the 
flux comprises l3wt.% of the paste. The paste is specially designed for fine FC 
technology, and therefore suitable for the small specimens in our test. The solder joints 
were fabricated between two substrates. The substrates were made of 99.9% purity 
copper plates to ensure both reliable bonding with the solder a substrate rigid enough 
for the subsequent mechanical test. The dimensions of each Cu substrate are 15x l5 mm 
with thickness 1 mm. ln order to accurately control the size and achieve meso scale 
joints, a displacement control device (DCD) is designed, as shown in Fig. 4-2. In the 
DCD, two small linear stages with resolution 1 J..tm were assembled on a steel base. The 
two substrates were fixed on these two stages. The solder paste was placed in a gap 
between them. The dimension of this gap was controlled by the movement of one stage. 
Consequently, an arbitrary size of solder joints can be obtained. In this chapter, two 
distances between substrates, 1 mm and 0.1 mm, were used. They correspond to the 
boundaries of the macro and meso scales, respectively. Therefore, their microstructure 
and mechanical behaviour demonstrate the transfer between the two scales. 
Lmear stag~ 
Fig. 4-2 Displacement control device for size control of solder joints 
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The solder joint was made in a Planer T-TRACK© reflow oven as shown in Fig. 4-
3. To maintain the defined geometry of the joint, the DCD was put into the oven 
together with the specimen in the manufacturing process. Two temperature profiles, as 
shown in Fig. 4-4, are adopted to fabricate solder joints to investigate the processing 
effect. Their cooling rates are 0.13 K.Js and 4.5 Kfs respectively. After reflow, a large 
planer sample was obtained as shown in Fig 4-5a. It was cut into several small 
specimens along the cross-section of the welding line as shown in Fig. 4-5b. The depth 
of the specimens (d in Fig.4-5b) is approx. 1 mm. The cutting is performed by a low 
speed diamond saw, which causes little mechanical damage on the sample during the 
cutting process. Finally, one of the specimen's cross-sections is carefully ground and 
polished to observe the microstructure evolution after a mechanical test. 
Fig. 4-3 Planer T-TRACK© reflow oven 
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Fig. 4-4 Temperature change in tests. The cooling rates near the T m are 0.13 K/s and 4.5 
KJs, respectively. Heating and cooling conditions are the same up to 718 s (around 493 
K, Point S) so that the difference in microstructure is defined by cooling conditions. 
(a) 
n Cut into 
~ specimens 
(b) 
Fig. 4-5 Preparation of specimens: (a) specimens formed in oven; (b) specimens for the 
mechanical test, d "" 1 mm. 
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4.2.2 Mechanical test 
In order to apply an external load to the specimens, a strain-control load device has 
been designed based on the DCD shown in Fig. 4-2. During the mechanical test, one of 
the copper substrates was fixed with regard to all degrees of freedoms (DoFs). The 
other substrate was fixed with regard to two translational DoFs and all rotations. The 
displacement along the third direction can be controlled with resolution 1 ~- Figure 4-
6 shows loading conditions for a specimen. As can be seen, a shearing mode of loading 
can be applied to the joint. Because the yield point of pure copper is much higher than 
that of Sn3 .5Ag0. 7Cu solder, when the solder joint yields, the copper substrates are still 
in the elastic state. At the same time, the Young's modulus of the SnAgCu solder is 
much lower than that of copper. Under loading, nearly all the movement of the second 
substrate is transferred to the joint, especially in the case of large deformation. 
Therefore, the applied engineering shear strain yon the joint is approximately 
r = u subslrale 
b (4-1) 
where U substate is the movement of the second substrate and b is the distance between 
substrates (b is the distance between the middle points of interfaces for real specimens). 
Both SEM and optical microscopy with the use of PL elements are employed to 
examine microstructural features (especially grain features) of joints before and after 
the mechanical test to capture the microstructure evolution in the joint due to 
deformation. 
Movment direction for the second 
copper substrate in loading 
b 
//////// 
Polished surface 
of the joint 
Fixed substrate 
Fig. 4-6 Constraints and loading conditions for a joint in the shearing mechanical test. b 
is the distance between two substrates. It is 1 mm and 0.1 mm for large and small joints, 
respectively. 
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4.3 Results 
Figure 4-7a is an optical image of a large joint formed at the low cooling rate. 
Besides the eutectics (bright area), large amounts of Sn dendrites are formed in the 
body of the joint, indicating that the cooling rate is still relatively high so that the alloy 
system deviates from the equilibrium PT during solidification. Figure 4-7b focuses on 
an area near the interface. It shows that eutectics are composed of a Sn matrix and small 
Ag3Sn and Cu6Sn5 particles in it. At the interface, there is a layer of Cu6Sns 
intermetallics between the solder joint and substrate. The needle-like phase near the 
interface is an A~Sn plate. Such plates are also found in other places as seen in Fig. 4-
7a. Figure 4-8 presents the corresponding image of the joint obtained with the PL 
microscopy. Since the contrast of grains in the PL image depends on the angle, the 
configuration of some grains is not very clear in a full image. But it still can be seen 
that there are mainly five grains formed in the joint. Figure 4-9 shows the joint for r= 
20%. From the slip bands in grains 3, 4 and 5, it can be seen that the inelastic behaviour 
of this solder joint is considerably microstructure-dependent. For each of these grains, 
there is only one major slip system that is activated. In fact, the direction of the 
maximum shear stresses is parallel to that of IMC interfaces under this loading mode. 
However, all of the activated slip systems have a large angle with this direction, 
especially for grains 3 and 5, which have an angle close to 90°. This indicates that there 
are few slip systems in the SnAgCu solder, and that the distribution of thes·e slip 
(b) . 
. ~ectics) 
501J.ID 
Fig. 4-7 Bright-field images of a large joint (b = 965 J.lm) formed at the low cooling rate 
0.13 K/s: (a) whole joint; (b) local area near the interface. 
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Fig. 4-8 PL image of the whole joint shown in Fig. 4-7a 
Fig. 4-9 Bright-field image of a loaded large joint (shown in Figs. 4-7 and 4-8); A. = 
20%. 
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these slip systems is not uniform. Under loading, only some of the potential slip 
systems can be activated, these may even be in non-preferred directions. As a result, the 
inelastic behaviour of grains for this alloy is considerably anisotropic. In grains 1 and 2, 
no clear slip bands are found. This may be due to the crack in the upper-left corner of 
the joint and the void, these may release stresses under loading. 
Figs. 4-10 a and b present bright-field images for a small joint with thickness 82 
J.U11. Compared with the first joint, it has similar substructural feature in grains (Sn 
dendrites, eutectics and intermetallic particles) in terms of their shape and size due to 
the similar processing parameters. Figure 4-1 Oc is the PL image for this joint. lt can be 
seen that this joint is composed of only two grains. This indicates that the reduction in 
the joint size does not significantly retard the grain growth, and that the existence of 
interfaces does not facilitate heterogeneous nucleation so that the grain can reach the 
same size as in the large joint. In other words, the smaller the joint, the fewer grains it 
contains. With respect to the distribution and morphology of these two grains, they are 
separated by the grain boundary in the middle of the joint, and sandwiched between the 
substrates. On average, the ratio of the height to width of each grain is 1: 5. If the width 
of the joint is of the same scale as its height, which is in a real case for most 
interconnections in electronic packages, a single grain could form in a meso scale joint. 
(.a) 
i 
2001lJD 
200~ z~ c 
Fig. 4-10 Optical images of a small joint (b = 82 J.U11) formed under the low cooling rate 
0.13 K/s: (a) bright-field image of the joint; (b) local view; (c) PL image. 
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Figure 4-11 shows the joint after r= 39% shearing deformation. It is obvious that 
the mechanical behaviour of these grains is independent: the slip bands inside each 
grain have the same direction; however, there is a large angle between these bands for 
the two grains. Since edges of the copper substrates are parallel, loading conditions are 
the same for the main body (excluding areas near grain boundaries) of these two grains. 
Hence, the different bands demonstrate the lattice-dependent behaviour and, 
consequently anisotropic properties of a SnAgCu single grain. Considering the fact that 
a joint in electronic packages may contain one or a few grains, this grain-based 
behaviour wi ll dominate in a mesa scale joint. 
= 
200J.Un 
Fig. 4-11 Bright-field image of a loaded small joint (shown in Fig. 4-1 0); A. = 39%. 
Figure 4-12 provides bright-field images of a large joint exposed to the high cooling 
rate. It shows that the morphology of Sn dendrites, eutectics and interrnetallic particles 
is similar to those in the previous specimens but these microstructures become much 
finer since the rapid cooling condition restricts the movement of atoms during 
solidification. Also, there are fewer Ag3Sn plates in the specimen and they are much 
smaller, indicating that they are mainly formed during solidification. Figure 4-13 gives 
a PL image for this sample. It can be seen that the size of grains is not reduced as much 
as the substructures inside grains, especially for grains 6 and 8. It indicates that the 
alloy's ability both to grow and nucleate is enhanced by the increased cooling rate but 
the latter dominates for this geometry. This joint was exposed to a shear deformation r 
= 19%; its microstructure after this deformation is presented in Fig. 4-14. Similar to the 
previous specimens, it shows a localized inelastic behaviour in most of the grains. An 
interesting phenomenon is that the direction of slip bands is the same as that of Sn 
dendrites in grains 5 and 6. This can be due to the existence of A~Sn and Cu6Sn5 
interrnetallics in eutectics. It is known that these particles can pin dislocation lines [65], 
making it difficult for dislocations to move through eutectics. Therefore, the alloy 
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system activates slip systems along the soft dendrites to minimize the required work 
during deformation. Another possible explanation is that the growth of SnAgCu grains 
is anisotropic during solidification. In other words, these grains grow along certain 
lattice orientations. In this case, the direction of Sn dendrites and orientation of a crystal 
are correlated so that the crystal could have fixed potential slip systems along the 
dendrites. 
(a) (b) 
"[A;sn plate] 
• 
2001lJD 
___ ,. 
Fig. 4- l2 Bright-field images of a large joint (b = 1015 J.l.Ill) formed at high cooling rate 
4.5 K/s: (a) whole joint; (b) local area near interface. 
Fig. 4-1 3 PL image of the whole joint shown in Fig. 4-12 
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Fig. 4-14 Bright-field image of the loaded large joint (Figs. 4-12 and 4-13 ); A. = 19%. 
A small joint is shown in Figs. 4-15a and b after cooling with a high rate. Its 
substructure is similar to that of the large joint in Fig. 4-12b. PL image in Fig. 4-15c 
shows that the joint is composed of two large and two small grains: this indicates that 
the reduced dimensions don 't decrease the grain size (in the direction parallel to 
interfaces) compared with the large joint in Fig. 4-13. After shearing deformation .A. = 
60%, the two small grains (grains 3 and 4) show independent slip bands as shown in Fig. 
4-16. For grain 1 in Fig. 4-lSb, the slip band near the left end of the joint is 
independent, which is different from the other part of this grain. This may be due to the 
fact that it is actually two grains that cannot be properly identified by PL microscopy. In 
this case, the joint is composed of five grains. For grain 2 and the right side of grain l , 
the directions of their slip bands are very close to each other. 
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(a) (b) 
. 200~ ' 
(c) 
200J.UD 
lOJ..Ull 
Fig. 4-15 Optical images of a small joint (b = 108 f..Lm) formed under the cooling rate 
4.5 K/s: (a) bright-field image of the whole joint; (b) local image; (c) PL image. 
Fig. 4-16 Bright-field image of a loaded small joint (shown in Fig. 4-15); A.= 60%. 
4.4 Discussion 
From PL images and parameters of slip bands in grains, it can be concluded that Sn 
dendrites and the adjacent Sn matrix of eutectics have the same lattice orientation 
within a grain. In this case, formation of Sn dendrites and eutectics should be 
interrelated. A possible explanation is that the obtained alloy is a composite of 
eutectics, which is composed of two "phases": one is Sn dendrites; the other one is So 
matrix with Ag3Sn and Cu6Sns IMCs in it [55]. While pure Sn requires a considerable 
overcooling (about 30°K) to nucleate, Sn is considered as the initiation phase. During 
solidification, the interface between Sn dendrites and the liquid phase moves towards 
the liquid, releasing Ag and Cu atoms. When concentrations of Ag and Cu are high 
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enough at the interface, they begin to cause nucleation in the form of A&JSn and 
Cu6Sn5. This process is influenced by the movement and supply of Ag and Cu atoms. 
Under a rapid-cooling condition, it is difficult for the released Ag and Cu atoms to 
move away. This results in a narrow area with high concentrations of Ag and Cu solutes 
along the liquid side of the solid/liquid interface. This layer may modify the way that Sn 
atoms are deposited on the solid-liquid interface, changing the growth behaviour of Sn 
dendrites: the size of Sn dendrites becomes smaller when the cooling rate increases 
[54]. At the same time, rapid solidification constrains the movement of Ag and Cu 
atoms in the liquid. Therefore, the intermetallics are unable to grow to a large size, 
leading to fine ones in the Sn matrix. Considering the non-uniform temperature gradient 
during solidification and the possible growth preference in certain lattice orientations 
for this alloy, the deposition process of Sn atoms is not homogeneous even if the 
concentration of Sn and Ag is the same for the entire interface. This breaks the 
homogenous growth, leading to branch-like Sn dendrites. As mentioned above, since ~­
Sn is difficult to nucleate, large SnAgCu grains can be formed. 
In all the specimens, small joints contain fewer grains than large ones for the same 
cooling rate. In fact, the range between the two studied cooling rates covers most 
cooling conditions that the electronics industry uses to assemble packages. Therefore, 
the shift from polycrystalline to single crystals and the corresponding shift from the 
macro- to meso-scale may be unavoidable for SnAgCu solder joints. In the case of bulk 
specimens, their mechanical behaviour results from the contribution of all grains. Their 
behaviour is a result of a collective grain deformation, and hence, demonstrates a low 
scatter. Therefore, their fatigue is for the same order. However, the mechanical 
behaviour of a meso scale joint is highly dependent on its local microstructure, such as 
the orientation of a grain. This can result in considerable uncertainty due to the 
variation of the microstructure. Consequently, its fatigue life is distributed more 
smoothly over a larger interval as illustrated in Fig. 4-17. In new electronic packages, 
there may be thousands of meso scale solder interconnections. The reliability of the 
electronic package is determined by the joint with the worst microstructure and shortest 
fatigue life. This can considerably diminish the reliability. Therefore, the knowledge 
about the fine scale mechanical performance ofPb-free solders is of great importance. 
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Fig. 4-17 Schematic distributions of fatigue life for macro and meso scale joints 
4.5 Summary 
In this chapter, a shearing test specimen is designed to study the effect of size on the 
microstructure and mechanical behaviour of Sn3.8Ag0.7Cu solder joints. The results 
show that: 
1. The decrease in the joint thickness from 1000 J..Un to 100 J..Un results in diminishment 
of the number of grains, indicating the transfer from the macro to meso scale in terms of 
the microstructure. 
2. The inelastic behaviour of Sn3.8Ag0. 7Cu joint at the meso scale strongly depends on 
the crystal behaviour of grains in the joint, which is considerably lattice-dependent. 
3. The increase in the cooling rate causes a finer microstructure in the grain of a solder 
joint. However, the grain size is not significantly sensitive to the cooling rate in the 
range between 0.13 K/s and 4.5 K/s. 
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Chapter 5 Local Mechanical and Damage Behaviour of the 
SnAgCu Solder Alloy 
5.1 Introduction 
In Chapter 4, the microstructure and mechanical behaviour of entire solder joints 
were investigated, and the transfer from macro to meso scale in Pb-free solder 
interconnections was demonstrated. In this chapter, the investigation moves to local 
micro-scale mechanical behaviour within a solder material because: 
i) The meso scale performance is formed and, consequently, determined by that in 
the micro scale. A deep knowledge of the micro-scale behaviour helps us to better 
understand those at both the meso and macro scale. This is important in the formulation 
of constitutive equations, which needs the behaviour at the smaller scale to predict the 
large scale performance. 
ii) When solder joints are further miniaturized to meet requirements for new 
interconnections, their scale can directly change from a meso level to sub-meso and 
micro levels. In these cases, a direct knowledge of the mechanics at the micro scale is 
required. 
Motivated by the above reasons, the local micro mechanics of the SnAgCu solder 
alloy are investigated in this chapter. Based on the fact that there is only one- or a few-
grains formed in a meso scale joint, as analyzed in Chapter 4, it is considered that there 
are two main locations in a SnAgCu solder joint to be studied within the framework 
mechanics: 
(i) within a SnAgCu grain; 
(ii) at the interface between a SnAgCu grain and the fMC interface. 
The objective of this chapter is to investigate micro mechanics, including both of 
the deformation and damage behaviour, in these two locations. With these aims, two 
types of experiments are designed. 
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5.2 Mechanics of interfacial CuSn lMCs 
During the manufacture of a solder joint, the liquid solder reacts with the solid 
UBM. After the liquid solder is solidified, layers of IMCs are formed at the interface. It 
has been known for a long time that these interfaces are one of the weakest locations in 
a joint. Under loading, damages tend to occur at, or propagate into, these interfaces. 
Due to reliability concerns, extensive work has been conducted to study their 
mechanical behaviour under all kinds of loading [85, 86]. However, most of the 
understanding is based on grounds of observations: e.g. the thicker the interfacial IMCs, 
the more easily they are broken; at the low temperature damage tends to occur within 
the interfacial IMCs while at higher temperatures, they are more likely to happen in the 
solder joint. In this section, we start with the study of mechanical interactions between 
the interfacial IMCs (formed between the SnAgCu solder and the Cu substrate as shown 
in Fig. 5-l) and a SnAgCu grain. Through this study, we try to illustrate some 
mechanical and damage behaviour of interfacial IMCs 
Fig. 5-1 Cu6Sns formed between the Sn3.8Ag0.7Cu solder and Cu substrate after 
solidification 
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5.2.1 Experiments 
ln Chapter 4, a DCD is designed to prepare a joint with a controlled size. In this 
section, we use the same method to prepare a small scale SnAgCu joint. The materials 
for the solder paste and substrates are the same. But the loading device is replaced by an 
lnstron 5848 Micro Tester, as shown in Fig. 5-2, to achieve: 
i) a lower loading rate so that the loading condition is more similar to creep; 
ii) a constant loading rate; 
iii) a constant experimental temperature for further comparison. 
The first two loading conditions can be directly provided by the Micro Tester. In 
order to control the temperature, an additional oven is assembled on the Micro Tester. 
Figs. 5-3 and 5-4 illustrate the structure of the oven and holders for a specimen in it. A 
large steel frame is fixed on the table of the testing machine as shown in Fig. 5-2. A 
holder base, which is connected with holder 1 as shown in Figs. 5-3 and 5-4, is 
assembled on the steel frame so that holder 1 is unmovable. Another holder (holder 2) is 
directly fixed to the transmission system of Micro Tester. Two Cu substrates of the 
specimen are fixed to these two holders as illustrated in Fig. 5-3. 
Fig. 5-2 lnstron 5848 Micro Tester assembled with the oven 
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Fig. 5-3 Simplified structure of oven with holders 
~der~ 
Fig. 5-4 Image of holding system in oven. Its orientation is opposite (up-side down) to 
that in Figs. 5-2 and 5-3. 
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During the mechanical test, one of the Cu substrates moves together with the holder 
2 along the axis, leading to a shearing deformation in the joint. According to Eq. 4-1 
and Fig. 4-7, the applied engineering shear strain rate r on the joint is approximately: 
r = u substnne 
b 
(5-1) 
where rj L - is the rate of the second substrate. All holders (including holders 1, 2 and su~,nuc 
the transition holder) are inserted into the oven (with a blue cover, Fig. 5-2) together 
with the specimen fixed to control the experimental temperature. 
5.2.2 Results and discussion 
Figure 5-5 presents a PL image of the part of the specimen with a solder joint before 
mechanical tests. The gap between the two Cu substrates, b, is around 1 00 J..Ull. The 
width of the joint is I 000 Jl.ll1, which is ten times of b, in order to reduce the geometry 
effect from the joint' s edges. In the joint, there are two grains presented in the cross-
section: a small one on the left-hand side and a relatively large one on the right-hand 
with different colors. During the mechanical test, a loading rate of 0.1 ~s, the 
minimal one allowed by the Micro Tester, is applied to one of the Cu substrates. 
According to Eq . 5-1 , the shearing strain rate is 1 x l o-3s-1• The specimen at first is 
loaded for 200 seconds (equal to 20% shearing deformation), then held in the tester for 
24 hours to release the residual stresses. Fig. 5-6 presents the sample after 20% shearing 
deformation. Normally, a clear distribution of slip bands can be observed on the surface 
of each grain as shown in Fig. 4-11 . However, the specimen is assembled in a transition 
holder before it is fixed to Micro Tester, to reduce the effect of the geometry and 
position mismatch of holders 1 and 2. The transition holder prevents focusing an optical 
microscope on the specimen to achieve a large magnification (Usually, the object lens 
needs to be placed very close to the sample to achieve such magnification). After the 
specimen is cut off from the transition holder by a low speed diamond saw, its surface 
is contaminated by the water used in the cutting process. Therefore, slip bands in Fig. 5-
6 are not as visible as in Fig. 4- 11 due to low magnification. But it still can demonstrate 
the individual behaviour of each grain. Especially, in the middle area of the joint, which 
belongs to the left grain, slip bands are distributed uniformly and are perpendicular to 
the IMC interface. 
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Fig. 5-5 PL image of a small Sn3.8Ag0.7Cu solder joint before mechanical tests. b:::::: 
100 J..l111. Arrows indicate the shearing loading direction. 
~ , ____ ~ · -
Fig. 5-6 Bright field image of the solder joint in Fig. 5-5 after shearing deformation, y = 
0.2 
To investigate the interaction between the IMC interface and a SnAgCu grain, a 
cross-section, which is perpendicular to both the polished surface of the joint and the 
Cui solder interface, is prepared by means of Focused Ion Beam (FIB) as shown in Fig. 
5-7a. To reduce the effect of both the joint's and grain's boundaries, the section is 
prepared in the middle of the joint (Point A in Fig. 5-5). It also approximates the middle 
of the large grain on the right-hand of the joint. Fig. 5-7b focuses at the Cu!joint 
interface of the cross-section. A typical sandwich interfacial structure for Sn-based 
alloys soldered on the Cu substrate is presented: on the Cu substrate, there is a thin 
layer of Cu3Sn particles; between the Cu3Sn layer and the solder joint, a thick layer of 
Cu6Sn5 IMCs is fonned. The Cu6Sn5 layer on the cross-section is composed of two 
coarse particles. In the larger one, which is closer to the joint's polished surface, there is 
a crack across the entire Cu6Sn5 particles. On the solder side, there are some white IMC 
particles in the joint, indicating that this area is composed of SnAgCu eutectics. 
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Fig. 5-7 Cross-section within a loaded SnAgCu grain at point A in Fig. 5-5: (a) analysis 
area; (b) local image. Arrows indicate the shearing loading direction. 
To further characterize the evolution and damage behaviour due to deformation, the 
cross-section is lifted out by a precision-controlled probe and thinned by FIB milling 
for TEM observation. It is well known that the SnAgCu solder alloy is considerably 
soft, a small force during polishing may lead to re-crystallization of the ~-Sn matrix on 
the polished surface. This can change the substructure of a grain, and subsequently 
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influence the interfacial mechanical behaviour. To evaluate this factor, a careful check 
is carried out over the entire cross-section by TEM observation. All the examined 
positions provide the same diffraction pattern, indicating that this is a single crystal ; no 
recrystallization has occurred. This also indicates that the applied loading conditions do 
not cause a lattice change in the matrix of this cross-section, which is considered as one 
possible mechanism for the failure of a SnAgCu joint during thermal cycling [78]. Fig. 
5-8a presents an image of this area with a large number of random dislocations. 
Actually, the distribution of dislocations is not uniform. In some areas, there is 
practically no dislocation. This may be due to the orientation of the prepared cross-
section. As shown in Fig. 5-6, slip bands at point A in Fig. 5-5 are perpendicular to the 
IMC interface. The prepared cross section is also normal to the interface. In other 
words, the slip bands can be parallel to the section. In this case, there is little chance for 
this section to contain a slip band because the section is too thin (less than 200 nm) 
compared with the spacing between slip bands. Therefore, we do not find a large 
amount of dislocation. 
To analyze the mechanical behaviour of the Cu6Sn5/solder interface, it is important 
to know the type of this boundary. In Chapter 6, it is demonstrated that not all the 
Cu6Sn5 lMCs at the interface have the same crystal orientation. Therefore, even if a 
SnAgCu grain nucleates based on an interfacial Cu6Sns grain, there is little chance for 
the lattice of this grain to have a fixed relation with all other Cu6Sn5 grains. In other 
words, most of the interface between interfacial Cll6Sn5 IMCs and the SnAgCu grain 
are incoherent boundaries. As reviewed in Section 3.3, it is difficult for a dislocation to 
move from the SnAgCu grain into the adjacent Cu6Sn5 grain through this type of 
boundary, such as in Fig. 3-12. Therefore, the interfacial Cu6Sn5 layer can be 
considered as an impenetrable wall for dislocations before being damaged. Fig. 5-8b 
presents an. image of this area. It can be seen that the thickness of the Cll6Sn5/solder 
interface can reach tens of nano meters. This is because this interface is not 
perpendicular to the cross-section; the gradient interface looks much thicker than it is. 
Along the CU6Snsfsolder interface, no dislocation and damage is found. In fact no 
defects are found in the entire interface for two Cu6Sn5 particles. This may due to the 
fact that the prepared section is between two slip bands. It neither contains, nor is 
crossed by an activated slip system in the solder joint. Therefore, it does not capture the 
piling up of dislocations and the resulting damage at the interface. 
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Generally, the Cu3Sn layer is considered to be the weakest site at the IMC interface, 
especially considering the Kirkendall voids formed there. However, throughout the 
entire cross-section in our experiment, no damage is found in this layer. Fig. 5-8d gives 
an image of this area. The only damage is a large crack formed in a Cu6Sns particle as 
shown in Figs. 5-7b and 5-8c. A diffraction analysis is performed on both sides of the 
crack. Similar patterns are presented in Fig. 5-9, indicating that the crack is in one 
original grain and the crack is intra-granular. It can be seen that the crack is narrow, and 
its tip is sharp; these signs indjcate that it is a brittle damage. This damage behaviour is 
related to its morphology and properties. As seen in Figs. 5-1 and 5-7, CU6Sn5 has a 
scallop shape in a joint, and propagates into the solder material. During the shearing 
deformation, a single Cu6Sn5 particle serves as a cantilever beam to resist a bending 
force, since it is much harder than the SnAgCu solder. This bending force is evident by 
(b) 
A SnAgCu 
grain 
• 
(d) 
Cu substrate 
100 nm 
-
Fig. 5-8 TEM image of local loaded areas: (a) within SnAgCu grain; (b) 
SnAgCu/Cu6Sns interface; (c) interfacial Cu6Sn5 IMCs; (d) interfacial Cu3Sn IMCs. 
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Fig. 5-9 Diffraction pattern of interfacial Cu6Sn5 IMCs. (a) and (b) are at Points B and 
C in Fig. 5-1 Oc, respectively. 
the action of a lever at its bottom. When certain criteria are met, damage occurs there, 
and the crack rapidly goes across the entire particle due to its brittleness. This also 
explains why there is no damage in the smaller CusSn6 particle in the cross-section, 
which has a lower action of a lever. 
In the presented mechanical test, the weakest location in the joint is at the interfacial 
CusSn6 layer. However, this finding is from observations for only one site of the 
sample, and this cross-section is close to one surface of the joint. ln this case, the results 
can be influenced by the free polished surface. To obtain more information, the loaded 
joint is etched with an acid solution, which is able to make interfacial Cu6Sn5 IMCs 
visible by removing solder materials as shown in Fig. 5-1. Fig. 5-1 Oa demonstrates a 
local area within the joint. Compared with Fig. 5-1 , nearly half of Cu6Sn5 particles are 
separated from the interface, indicating that they were fully broken during deformation, 
which is in a similar case for the larger CU6Sn5 with a crack in Fig. 5-Th. The remaining 
particles correspond to the small and undamaged one in Fig 5-Th. Fig 5-1 Ob presents a 
large interfacial area. It can be seen that damaged locations are not absolutely random. 
They are distributed in parallel lines along the direction of a dash line dawn in Fig 5-
1 Ob. This regular distribution may result from the meso-scale heterogeneous 
deformation of the adjacent SnAgCu grain. ln chapter 4, it is demonstrated that slip 
bands are distributed in the same orientation on the polished surface of a loaded 
- 80-
Chapter 5 Local Mechanical and Damage Behaviour of the SnAgCu Solder Alloy 
SnAgCu gram. In fact, dislocations move along the corresponding slip planes 
throughout the body of a SnAgCu grain. At the Cu6Sns/solder interface, they also tend 
to be released from the grain and form slip bands. But this behaviour is prevented by 
the incoherent interface, forming a local micro-force. When the force is high enough, 
interfacial IMCs are broken. Therefore, the distribution of damaged interfacial Cu6Sns 
is similar to that of slip bands on a loaded SnAgCu grain. 
Fig. 5-10 Surface morphology ofSnCu IMC interface after the SnAgCujoint undergoes 
20% shearing deformation: (a) a local area; (b) a large area. 
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The 20% shearing deformation of the SnAgCu solder joint presents the initial 
damage behaviour of the Cu-substrate/SnAgCu-solder interface. If the deformation 
continues, more interfacial Cu6Sn5 IMCs will be damaged. As the final result, an intra-
granular crack is expected to dominate at the Cu6Sn5 IMC layer after the joint is fully 
failed. 
5.2.3 Summary 
In this section, a mechanical test has been designed to apply a shearing deformation 
to a mesa-scale Sn3.5Ag0.7Cu joint with a constant loading rate. The results show that: 
1. Under the applied loading conditions (room temperature, shear strain rate 0.1 J..Ullls 
and 20% deformation), random dislocations are presented in the matrix of SnAgCu 
eutectics in the joint' s body. 
2. No defects are found at the Cu6Sns/solder interface. 
3. In the CuSn IMC interface, a crack goes through the relatively large Cu6Sn5 particle 
in the prepared cross-section; No damage is found in the Cu3Sn layer. 
4. These findings indicate that the Cu6Sn5 layer is the weakest location in the Cu/solder 
interface. In addition damaged interfacial CUGSn5 IMCs are distributed in lines. This is 
suggested to be related to heterogeneous deformation in the adjacent grain. 
5.3 Deformation and damage processes within a SnAgCu grain 
In Section 5.1, it is demonstrated that the IMC interface is one of the weakest places 
in a SnAgCu solder joint formed on the Cu substrate. However, not all the solder joints 
in electronics can experience an ideal shearing load during the service. Sometimes, they 
undergo complicated stress states due to the irregular geometry of solder joints. In these 
cases, damages and cracks can initiate at, and propagate into, the solder joint, especially 
when the temperature is high while the loading rate is low. Since there are one or a few 
grains in a meso scale joint, most of these mechanical behaviours are intra-granular 
based. In this section, an experiment is designed to investigate mechanisms of the 
deformation and damage behaviour within a SnAgCu grain. 
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5.3.1 Experiments 
In section 5.2. 1, a mechanical test is designed to study mechanical behaviour of a 
meso scale solder joint. However, there are two drawbacks associated with this method 
when the size of the joint is further miniaturized: 
i) It is difficult to manufacture an ideal micro joint. One difficulty is linked with the 
DCD. As mentioned in 4.2.1 , the DCD has a resolution 1 J..llll. In this case, distortion 
can reach 10% for a 10 J..lill joint. The other difficulty is due to the solder paste. The 
solder paste applied is specially designed for a fine-pitch flip chip. Solder balls in this 
paste are one of the smallest that can be achieved. However, the diameter of solder balls 
still ranges from 5 J..lill to 12 J..U11. The 12 J.UU balls directly prevent the gap between the 
two Cu substrates from reaching a size at, or below, 12 J..U11. 
ii) The loading rate is too high. The minimum loading rate of the micro tester is 0.1 
~s. With the size of 100 J..U11, the lowest shearing rate for a joint is 1 o-3s-1• When the 
feature's size is miniaturized to 10 J..Uil, the lowest shearing rate increases to 10-2s-1• 
Under such a quick load, the sample can break within one minute, which differs 
considerably from the real mechanical behaviour of solder joints such as creep. 
This experiment is deigned to investigate the smaller scale behaviour within solder 
materials under a low loading rate. In the test, a bulk Sn3.5Ag0.7Cu solder bar, the 
composition of which is the same as that of the applied solder paste, is adopted as the 
original material. To achieve the as-cast state, the solder bar is reflowed in the Planer T-
TRACK© reflow oven. Fig. 5-11 presents a temperature profile during the reflow 
process. After the reflow, the solder material is cut into small blocks by a low-speed 
diamond saw, which is capable of providing little mechanical damage to the cutting 
surface. The length, width and thickness of a solder block are 25, 5 and 2 mm, 
respectively. To characterize the microstructure, one surface (in the length and width 
direction) of the block is carefully ground and polished. Fig. 5-12 gives the 
microstructure of the specimen of this surface. It shows the typical microstructure of the 
eutectic SnAgCu solder alloy, which is formed under a relatively low cooling rate. Fig. 
5-13 presents a PL image at the central area of the block solder. It can be seen that there 
are two large grains formed in this area. A local area, which is in the right-hand grain as 
marked by Point D in Fig. 5-13, is selected for the mechanical test. As can be seen, 
Point D is close to the grain boundary. This provides a higher chance that the area is in 
the eutectic zone so that the effect of IMCs in the ~-Sn matrix can be investigated. 
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Fig. 5-12 Bright field image of solder bar after reflow 
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Fig. 5-13 PL image of central area of solder bar after reflow 
Near Point D in Fig. 5-13, two quadrangle holes are manufactured by FIB milling. 
These two holes are placed face to face, parallel to, and separated from, each other. 
Therefore, a uniform micro specimen (MS) is left between them as shown in Figs. 5-
14a and b. The length direction of the MS is the same as that of the entire specimen. 
Figs. 5-14b and c show that this MS is at the eutectic zone. Since Point D in Fig. 5-13 is 
within a SnAgCu grain, the matrix of this MS <P-Sn) is a single crystal. Therefore, the 
MS can be considered as a singe SnAgCu grain. The thickness and length of the MS are 
2 J...l.Il1 and 20 J..Un, respectively. To reduce the effect of the bulk specimen and perform a 
pure tensile deformation, the bottom of the MS is separated from the specimen as 
shown in Fig. 5-14c. The loading on the MS is applied by the deformation of the entire 
specimen. 
During a mechanical test, the SnAgCu solder specimen is fixed to the grips of the 
Instron 5848 Micro Tester. A general tensile test is preformed in the length direction of 
the bulk specimen. The micro-specimen also experiences a tensile load since its two 
edges are still connected to the bulk one. In an ideal case, the deformation is uniform 
throughout the bulk specimen. Therefore, the extension rate of the MS is the same as 
that of the bulk specimen. By this approach, the loading rate slows down by a factor f, 
which is the ratio of the size of the specimen to the size of the MS. In the present test, 
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Fig. 5-14 Preparation of a MS: (a), (b) and (c) before mechanical test; (d), (e) and (f) 
after mechanical test. The orientation of image (a) is the same as that of Fig. 5-13. 
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the tensile length of the specimen is l 0 mm. So this factor f is 500. In order to include 
the damage evolution behaviour within a grain, a notch is made in the middle of the MS 
to serve as a nucleation site of a crack as presented in Fig. 5-14c. The depth of the notch 
is more than 2J..Un so that it is across the surface layer, which may be influenced by the 
polish process, and its tip is close to the centre of the specimen. 
The mechanical test is controlled by displacement and performed at room 
temperature. The loading rate of the specimen is the minimum capacity of the Micro 
Tester, 0.1 ~s. Considering that the loading length of the specimen is 10 mm, the 
strain rate is 1 o-ss-1 for the MS. This loading condition corresponds to the range of creep. 
The tensile test lasts for 20000 seconds. This results in 20% tension in the MS. After the 
tension stage, the specimen is hold in the Micro Tester for 24 hours before it is taken 
out of it. 
5.3.2 Results and discussion 
Fig. 5-14d presents the MS after it is loaded. Compared with Fig. 5-l4c, the notch 
becomes much wider. But its depth does not change much. This is a typical crack 
behaviour in ductile materials. Under the tip of the notch, there is an obvious shearing 
deformation. As can be seen, the shearing deformation initiates from the tip of the notch, 
and is across the entire MS, forming a step at the opposite edge of the specimen. The 
step indicates that large amounts of deformation occur in this shearing process. This 
step may be the same case as slip bands, which are formed on the surface of a large 
SnAgCu grain as shown in Fig. 4-12. The direction of the shearing deformation is about 
45 degrees from the sample's length direction. This is reasonable because the specimen 
undergoes the maximum shear stress in this direction. At the area close to the notch, the 
specimen deforms more than near its opposite area due to the notch. As a result, the 
specimen undergoes bending as shown in Figs. 5-14d, e and f. The tension and bending 
trends interact with each other during the loading process, and eo-determine the final 
deformation of the specimen. 
To investigate the mechanism of the deformation and damage in this grain, the MS 
LS thinned by FIB for TEM observation. However, the ion beam can damage the 
specimen through a direct milling process. To protect it, a layer of platinum is plated on 
the top edge of the specimen before thinning. Fig. 5-14e shows the plated layer. It can 
be seen that the notch is also fully fi lled out. This helps both to protect the area under 
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the notch tip and to keep the loaded geometry of the MS so that it can resist the 
recovery deformation when it is taken out from the specimen and further thinned. This 
is important to maintain the MS at the original deformed state. Fig. 5-14fshows the MS 
after it is lifted out, and connected to a Cu carrier for TEM investigation. 
Fig. 5-15a presents a TEM image of the entire MS after it is thinned by FIB. Fig. 5-
15b gives a diffraction pattern taken at a point in ~-Sn matrix (point E in Fig. 5- 15a). 
Figs. 5-1 5a and b are taken in the same orientation. So the obtained pattern provides the 
lattice orientation of the matrix at Point E. In Fig. 5-15a, multiple continuous curves are 
presented in the MS, especially in the area under the notch. Fig. 5-16 gives a large-
Fig. 5-15 (a) The entire MS after it is thinned by FIB. This image is rotated by 180° 
degrees with respect to Fig. 5-14f. (b) Diffraction pattern at Point E in (a). 
- 88-
Chapter 5 Local Mechanical and Damage Behaviour of the SnAgCu Solder Alloy 
Jtmw· -
0 l! ' - •• ,. 
Fig. 5-16 Local area near the notch 
magnification image at this area. It can be seen that most of these curves are in the ~-Sn 
matrix, and are along a direction from the top to the bottom edges of the MS. Some of 
them are enclosed and divide the P-Sn matrix into several small parts. To further 
identify these curves, an arbitrary curve is studied as shown in Fig. 5-17c. This image is 
taken from a local area near point F in Fig. 5-16. Figs. 5-17b and c show the diffraction 
pattern at both sides of the curve. These two patterns are taken by a slight adjustment of 
the specimen's angle. The similarity of these patterns indicates that the selected curve is 
a small-angle grain boundary. In other words, the small areas surrounded by these 
curves are sub-grains. In this MS, the size of sub-grains is around 1 J..Ull on average. 
Compared with Fig. 5-15, the pattern in Figs. 5-1 7b and c are similar, and there is only 
a small angle between images of Figs. 5-15 and 5-17. So it is considered that these 
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substructures are derived from the same crystal , the original single grain in the MS. In 
this case, the pattern in Fig. 5-15b can approximately present the orientation of the 
original lattice of the grain. To find out the formation mechanism of sub-grains, more 
grain boundaries are investigated. In area I in Fig. 5-16, it is found that a boundary is 
composed of a large number of dislocations as shown in Fig. 5-18. These dislocations 
are orderly distributed: one by one along the boundary. 
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Fig. 5-17 A local area near Point F in Fig. 5-16. (a) TEM image; (b) and (c) are 
diffraction pattern at Points G and H in (a), respectively. 
In Fig. 5-14f, there is a clear shearing deformation. The position of this deformation 
corresponds to the black dash-dotted line drawn in Fig. 5-16. A careful check has been 
performed along this line. As can be seen, the density of subgrain boundaries formed 
there are not more pronounced than those in other areas. This indicates that there is no 
fixed relation between the formation of sub-grain boundaries and this shearing 
-90 -
Chapter 5 Local Mechanical and Damage Behaviour of the SnAgCu Solder Alloy 
deformation, which mainly results from the tensile load. For clarity, the deformation 
mechanism due to the movement of dislocation in the lattice is presented in Fig. 5-19. 
Under a load, dislocations are generated and driven by stresses in the lattice as shown 
schematically in Fig. 5-19. If dislocations can go through the lattice based on slip 
systems, then pure shearing deformation is achieved. Ln this process, few dislocations 
are left in the matrix because most of them are released on the other side of the crystal 
as illustrated in Fig. 5-19c. This is the case of the shearing deformation in the MS. In a 
sub-grain boundary, since dislocations can be rather close to each other, they are 
supposed to have the same polarity. Otherwise, they can be annihilated. Based on this 
consideration, a line of dislocations with the same polarity are schematically shown in 
the single crystal in Fig. 5-19d. As can be seen, the presence of these ordered 
dislocations leads to rotation of one side of the crystal with respect to another one. A 
small angle grain boundary is formed between them. This explains the results in Fig. 5-
17. 
Fig. 5-18 Distribution of dislocations on sub-grain boundaries. These two images have a 
different angle from that ofFig. 5-16. 
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(b) Dislocation 
(d) 
Fig. 5-19 Formation mechanism of sub-grain boundary within a single crystal: (a) 
original single crystal lattice; (b) movement of dislocations in matrix; (c) shearing 
deformation; (d) formation of sub-grain boundaries. 
The formation of these sub-grain boundaries can result from the heterogeneous 
deformation of the single crystal MS (this refers to the ~-Sn matrix). As mentioned, the 
deformation at an area near the top edge is more severe than that at the bottom of the 
MS. Hence, there is a heterogeneous deformation. In a bulk polycrystalline material, 
there are many grains with different sizes and grain orientations. The whole system tries 
to find the most effective way to dissipate the potential energy due to an external load. 
Under loading, some grains that are under the most favorable conditions experience 
inelastic deformation first. Simple and uni-directional shearing deformation based on 
the grain orientation occurs similar to that in Figs. 4-10 and 4-15. But this simple 
shearing cannot fully explain the heterogeneous deformation character of the entire 
specimen. To continue the deformation process, one way is to change the substructure 
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within the grain. Another one is to activate the shearing deformation in the adjacent 
grains. The specific approach depends on the difficulty of each method. For most 
metals and alloys at low temperatures, the latter one is more preferable. Considering the 
fact that there can be a large difference in the deformation extent and orientation 
between grains; and that the grain boundary behaviour such a sliding, a large 
deformation gradient can be achieved without changing the substructures considerably 
within an individual grain. For the MS investigated in this section, all the heterogeneous 
force is accommodated by the singe crystal. If it behaves only in the simple shearing 
based on slip systems, the stored potential energy can be considerably high. Dissipation 
of this high energy is the driving force to change the original lattice within the grain and 
facilitate further deformation. There are some differences in the behaviour of 
dislocations in subgrain boundaries and those sliding on slip systems: 
(i) One difference is that dislocation are accumulated rather than released like in a 
simple shear deformation. As illustrated in Fig. 5-19d, the accumulated dislocations 
result in a rotation deformation. This is more effective to release the heterogeneous 
force. In other words, they become so called geometry necessary dislocations. The 
process follows: the more rotation (or more heterogeneous deformation), the more 
dislocations are accumulated. Finally, the ordered distribution of dislocations evolves 
into small-angle sub-grain boundaries. 
(ii) Another difference is that the movement of dislocations is not only based on slip 
systems. As seen in all the presented figures, the direction of nearly all sub-grain 
boundaries is not straight. This results from the combination of both external and 
internal factors. The driving force is that the change of the moving path of dislocations 
is a more effective way to rotate the sub-grains and release heterogeneous loads. 
However, it is limited by the movement of dislocations between slip systems, which is 
more difficult than sliding within one. The balance between these forces determines the 
final moving direction of dislocation. It should be mentioned that properties of the 
matrix play an important role. For instance, under the high temperature and low loading 
rate, the alloy system has a higher thermal energy and more time to activate the 
climbing behaviour of dislocations. This can facilitate rotation. 
The changing of the movement direction of dislocations plays an important role in 
the evolution of the substructure within the crystal. It provides the change for two sub-
boundaries to meet with each other. As a result, an enclosed area is formed. This is one 
formation mechanism of sub-grains. Another one is that one boundary can be divided 
- 93-
Chapter 5 Local Mechanical and Damage Behaviour of the SnAgCu Solder Alloy 
into two directions. Fig. 5-20 provides evidence of this case. If the tensile deformation 
of the specimen continues, the dividing position can evolve into a triple point on the 
resulting grain boundaries. These factors eo-determine morphology and the size of sub-
grains. 
Fig. 5-20 Evolution of sub-grain boundaries 
The non-uniform deformation of the MS results not only from the existence of the 
notch, but also from the heterogeneous crystallograpbic structure within the MS. In its 
matrix, there is a large number of A~Sn IMCs, as shown in Fig. 5-14c. Since A~Sn 
IMCs are much harder than ~-Sn, they cannot deform in full coordination with the 
matrix. In Fig. 5-16 it can be seen that some sub-grain boundaries end at the top sides of 
Ag3Sn IMCs while some initiate from their bottom sides; grain boundaries on both 
sides of a Ag3Sn IMC do not need to end and initiate at the same location. This 
indicates that IMCs have the ability to prevent grain boundaries from propagation and 
activate new ones. The first process prevents the MS from further deformation while the 
second one needs an additional force to overcome the energy barrier required to form 
new dislocations. These are the hardening mechanisms of IMCs in SnAgCu solder. By 
these IMCs, the evolution path of the boundaries is changed. So IMCs are one of the 
factors that determine the morphology of sub-grains within the MS. 
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5.3.3 Summary 
In this section, an experiment, allowing a slow speed loading on a MS formed in a 
selected area within a bulk specimen, is designed to investigate the mechanical and 
damage behavior of SnAgCu grains. The obtained results show that: 
i) Under an external load, two inelastic deformation mechanisms are found in an 
individual SnAgCu grain: (1) the simple and pure shearing and (2) the formation of sub-
grain boundaries. The former one is considered to result from the tensile load, while the 
latter is due to the heterogeneous deformation of the MS. 
ii) The formation of sub-grain boundaries results from the irregular movement of 
dislocations in the matrix: dislocations can be regularly accumulated in the matrix, 
initiating a small angle sub-grain boundary; the movement of these dislocations is not 
fully based on the slip systems; the evolution direction of subgrain boundaries can be 
changed or branched. These behaviours determine evolution of the substructure within 
the grain exposed to heterogeneous deformation. 
iii) IMCs in the SnAgCu matrix can both prevent the propagation of a sub-boundary 
and activate a new one. This results in a hardening effect, on the one hand; on the other 
hand, it changes the propagation path of a boundary. The latter effect influences the 
substructure within the original grain. 
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Chapter 6 Formation of the Microstructure in SnAgCu Solder 
Bumps on a Cu Substrate 
In Chapters 4 and 5, it has been demonstrated that performance of the SnAgCu 
solder has a strong dependence on its local microstructural features, such as the size and 
orientation of grains. This relationship is more pronounced when the size of solder 
joints is further miniaturized to the meso and micro scale. Therefore, to assess the 
reliability of solder joints, it is important to properly characterize microstructural 
features of Pb-free solders. In this chapter, the emphasis is further placed on the 
formation behaviour of these microstructura l features. By means ofthese investigations, 
we want to relate the processing to the microstructure and mechanical performance, 
which can provide the fundamental basis to improve reliability through microstructure 
optimization. 
With these aims, some experiments were designed to study formation mechanisms 
of Pb-free solder joints. In order to ensure the depth of the investigation, the study 
mainly focuses on one SnAgCu alloy (the most promising Pb-free material) reacting 
with a Cu substrate (one of the most widely used UBM). A SnAg solder is also 
examined to assess the role of Cu in the solder in the initial formation of interfacial 
IMCs. Normally, CuSn IMC layers are formed at the interfaces between a SnAgCu 
solder joint and the Cu substrate. Within the body of a joint, large A~Sn plates, Sn 
dendrites, the ~-Sn matrix and IMCs in the matrix can be formed. The formation 
behaviour of all these microstructural features is investigated to some extent separately. 
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6.1 Formation of interfacial CuSn IMCs between molten SnAgCu 
solder and Cu substrate 
ln micro-electronics, copper is widely used in UBM or substrate metallization due 
to its good bonding ability with solder interconnections. After reflow, layers of IMCs 
are formed between the solder and Cu metallization. The formation of these layers is 
crucial since it is linked to several reliability issues: reliable bonding requires 
continuous IMC layers at the interface. However, IMCs that are too thick weaken this 
bonding due to their brittleness. At the same time, a long period of interfacial reactions 
can lead to over-consumption of Cu in the metallization. In fact, the interfacial IMC is 
one of the weakest areas in interconnections, as demonstrated in Chapter 5. In many 
cases, cracks initiate at, or propagate through, these layers, leading to the failure of a 
joint [87 -89]. To understand these issues of reliability, thorough studies were conducted 
on the interfacial reaction between Cu and SnPb or Pb-free solders [90-94]. Their 
results are summarized below (the SnAg and SnAgCu alloys are discussed as examples 
ofPb-free solders): 
i) Interfacial IMCs are Cu3Sn and Cu6Sn5 in SnAg, SnAgCu and SnPb eutectic 
alloys with Cu6Sns adjacent to the body of a solder joint and Cu3Sn between the Cu 
metallization and Cu6Sns layer. The layer of Cu6Sn5 is much thicker than that of Cu3Sn 
for these alloys. For solders with a high Pb-content, e.g. Sn95Pb, only Cu3Sn, IMCs are 
found at the interface. 
ii) For both SnPb and Pb-free solders, the consumption rate of Cu metallization 
decreases with the increasing content of Cu in solder alloys. This rate is much higher in 
Pb-free solders than in SnPb solder. Additional Pb in the SnPb solder can decelerate Cu 
consumption in metallization, while Ag has little effect on this process in Pb-free 
solders. 
iii) Both thickness and morphology of IMCs strongly depend on the reaction time 
and cooling rate. The longer the reaction time, the thicker the IMC layer formed. 
Based on these experimental results, some mechanisms were proposed for the 
formation of interfacial IMCs during reflow. For instance, the ripening of Cu6Sn5 grains 
is used to interpret the scallop-type morphology of the interface (95, 96] and the 
interfacial reaction at the early stages of reflow [97]. However, it is still impossible to 
consistently interpret all these phenomena based on current literature. Difficulties arise 
from the complicated reactions between solid Cu and molten solders. It is well known 
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that a solder joint experiences a temperature increase, followed by steady state (not 
always) and then a decrease when it is above the T m· A series of reactions take place 
during this process. However the specimen obtained after solidification presents the 
information from multiple partial stages. In some cases, the results from the later stages 
eliminate those from the previous stages, which makes it considerably difficult to 
interpret experimental results. Therefore, more information or direct experimental 
evidence on the formation of interfacial IMCs at different stages of reflow is required to 
understand the fundamental details of their formation. This helps both to characterize 
interfacial IMCs, e.g. thickness and morphology, and to understand their nucleation and 
growth mechanisms. It also helps to optimize the composition of a Pb-free solder and 
the structure of the UBM to control the interfacial microstructure and enhance 
reliability of such solder joints. 
In this section, a temperature profile, which contains typical thermal conditions in 
reflow, is adopted. Step-by-step tests were carried out at each stage to obtain and 
observe interfacial IMCs directly so that the formation process of IMCs at the interface 
is reconstructed for the whole reflow process. The present section mainly focuses on 
interfacial IMCs formed between SnAgCu and SnAg solders and Cu pads. 
6.1.1 Experiments 
ln order to obtain original interfacial IMCs at different stages of the reflow process, 
interfacial reactions should be terminated abruptly to protect IMCs from the influence 
of successive reactions. One possible solution is to remove the molten solder from pads 
just in the middle of reflow. The experiments are specially prepared with this aim. Fig. 
6-1 shows the designed equipment and its cross-section. The main part of the equipment 
is a mini reflow oven. Its body is an aluminium cavern (component 2) with a cover 
(component 5). The cavern is covered by a band heater (component 3), as shown in Fig. 
6- ld. The heater's power is supplied by a Eurotherm temperature controller, and the 
oven's temperature is measured by aT-type thermocouple (component 4). Components 
2, 3, 4 and the temperature controller form an automatic temperature control system, 
which is able to implement a complicated temperature profile for the reflow. Another 
part of the equipment is a PCB sample fixed to a high-speed drill. As shown in Figs. 6-
1 c and d, a holder (component 11) with the PCB sample (component 1 0) at its upper 
end is inserted into the oven. Another end of the holder is fixed to a high speed drill 
with a screw (component 9). On each PCB sample, there are 4 Cu pads near its edge. 
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Figure 6-2 shows the design and dimensions of the PCB sample. In fact, the exact 
temperature of the sample differs considerably from that of the oven, depending on the 
location of the thermocouple. The difference can be up to 30 K at the maximum 
temperature during reflow. To resolve this problem, a hole with the diameter 0.6 mm is 
made under a copper pad in a PCB sample so that a K-type thermocouple (supplied by 
RS) is inserted into this hole to monitor a solder bump's temperature, as shown in Figs. 
6-1 b, and d. The position of the PCB sample in the mini oven is fixed so that the 
thermal conditions are the same for all the tests and that a temperature profile is 
repeatable. During a test, a solder paste is placed on Cu pads manually and heated. 
When the solder is molten and reaches the expected temperature, the drill is switched 
on to rotate the sample immediately after the K-type thermocouple is pulled out from 
the sample. The molten solder is removed from Cu pads due to the centrifugal force 
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{d) 
5 
Fig. 6-1 Equipment to obtain interfacial IMCs during reflow: (a) entire setup; (b) local 
image of the setup; (c) setup without oven and heater. Its orientation is opposite to (b); 
(d) cross-section of mini oven (only components 2, 3 and 5 are crossed, and 
components 13 and 14 are not shown in this image). 1- frame to hold the mini oven and 
drill; 2- body of the oven; 3 -band heater; 4- thermocouple to control the mini oven's 
temperature; 5 - cover of the oven; 6 - high speed drill from the temperature controller 
to the heater (the drilling speed range from 8000 to 20000 rounds/min without loading); 
7- power cable; 8- Cu pads on the PCB; 9- screw to fix the sample to the holder; 10-
PCB sample; 11 -holder; 12- thermocouple to measure the temperature of a sample; 13 
- inlet for high pressure air; 14 -outlet for high pressure air. 
caused by a high-speed drill, leaving solid reactants at the surface. After rotation, the 
sample is cooled down rapidly by high-pressure air, which is supplied via the feature 
labelled 13 as shown Figs. 6-1 b, c and d. Feature 14 is the outlet for the air. This helps 
to reduce the solid-state reactions (aging) of the interfaces (it causes the temperature to 
drop below the T m of the solder within 1 seconds); also, when the spinning is not 
applied, it can achieve a rapid cooling of the sample at the arbitrary moment of the 
reflow, helping to obtain information for internal parts of a solder bump. 
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The sample is made of common PCB with a layer of Cu covering its surface. The 
thickness of the PCB and Cu layer is 1.5 mm and 30 ).lm, respectively. The copper pads 
on the PCB are prepared by means of the general etching procedure. Before testing, Cu 
pads are ground to smooth the surface and cleaned using an ultrasonic bath. Fig. 6-3 
shows the initial surface of copper pads before tests. ln the tests, a Sn3.8Ag0.7Cu (by 
weight) solder paste were adopted. The diameter of its solder balls ranges from 5 to 12 
).lm (Paste 1 ). However, to make some factors clear to the initial formation of interfacial 
IMCs, another two auxiliary solder pastes are adopted. They are: 
(i) Sn3.8Ag0.7Cu solder paste. The diameter of solder balls is about 30 ).lm (Paste 2); 
(ii) Sn3.8Ag solder paste. The diameter of solder balls is about 50 ).lm (Paste 3). 
All three types of solder pastes are supplied by Multicore Ltd. of Henkel Technology, 
and the flux comprises 13wt.% of the paste. Fig. 6-4 presents these pastes heated to 453 
K before being rapidly cooled. This temperature is below the Tm of solder balls in the 
tlmm 
Fig. 6-2 Structure ofPCB sample with Cu pads. PCB is shown grey; Cu pads are shown 
in yellow. 
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pastes. Therefore, they are not molten, and can present their initial state of solder balls 
before reflow. Different temperature profiles are applied to study the effect of the 
cooling rate, dwell time and temperature increase. Fig. 6-5 provides temperature curves 
for these profiles. The error of these curves is within ±5 K. Both the surface and cross-
section of samples are observed by SEM, FIB and TEM to investigate the morphology 
and thickness of interfacial IMCs. Energy-dispersive X-ray microanalysis (EDX) and 
diffraction patterns in TEM are applied to identify the reactants. 
EHT • 20.00 kV 
WO • 22 mm 
SigniiA • SE1 
Photo No. • 4868 
Fig. 6-3 Initial stage ofCu pad surface after final grinding 
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Fig. 6-4 Solder pastes before reflow. (a) Paste 1, (b) Paste 2 and (c) Paste 3. They are 
heated to 453 K before rapid cooling. 
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Fig. 6-5 Temperature profile of solder bumps during reflow, measured by a K-type 
thermocouple through the hole under a Cu pad. The cooling rate of curve 1 is 30 K/min. 
The rapid cooling in curve 2 is achieved by the additional cooling system. The cooling 
rate is about 40 K/s. 
6.1.2 Results and discussion 
The basic temperature regime applied in this test is presented by Curve 1 in Fig 6-5. 
ln this regime, besides heating and cooling, e.g. at Points B and G, a dwell of about 2 
minutes at 518 K (from point D to point E) is programmed after the temperature reaches 
its maximum value (point C, 527 K) so that all typical thermal conditions during a 
reflow are implemented. In curve 2, a sample experiences a fast cooling at Point A. The 
cooling rate is about 40 K/s. Curve E-F is an extension of Curve D-E. From Point D to 
F, the sample experiences 20 mins reflow. 
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6.1.2.1 Nucleation of interfacial IMCs 
The first stage studied is a temperature increase (see Curve 1) of Paste 1, from the 
T m to the maximum temperature (Point C). A step-by-step investigation, with a 
temperature increment of 5 K during each step, is applied. Interfacial reactants are 
found for the first time around 505 K. Figure 6-6 gives the overview of interfacial 
reactants formed on Cu pads. It can be seen that there are one main domain and several 
round secondary domains around the major one. The large area of the bare Cu surface 
shows that the sample is experiencing a nucleation stage at this moment. A varying size 
of secondary domains shows that they are at different stages of growth, and their 
distribution exhibits nucleation sites. Based on this information, the growth behaviour 
of interfacial reactants along the interface (parallel to the Cu surface) can be suggested 
as follows: they nucleate at some points on the Cu surface first and grow up to form 
secondary domains. When these domains meet, they coalesce, finally forming a main 
domain. This suggestion is further supported by small areas of a bare Cu in the main 
domain, which may be due to incomplete coalescence. To further investigate the 
nucleation/growth behaviour of interfacial reactants, areas which are close to the edge 
of both the main domain and secondary ones are studied under higher magnification 
(Figs. 6-6 and 6-7). These images clearly show that areas inside the domain are 
composed of a large number of particles, which seem to have a special crystal structure. 
EDX in Fig. 6-8 shows that the composition of these particles is close to Cu6Sn5• In fact, 
the particles formed inside the domain cannot present the nucleation state of interfacial 
CuSn IMCs. The original one is along the edge of the domain, which has a structure 
different from that inside a domain. It looks like being composed of a large number of 
fine particles as presented in Figs 6-7 and 6-8, and is named ' transition zone' in this 
section. At point B in Fig. 6-5, all the Cu substrate is covered by interfacial reactants. 
Therefore, the edge of the domain will continue moving towards the bare Cu if a 
liquid/solid reaction continues. The current edge will become an area inside the domain 
in this case, and its fine structures become similar to those that are currently inside the 
domain. Therefore, coarse particles inside domains result from a growth or evolution of 
fine particles at their edge. It is also clear that the growth of the domain along the 
interface, which is tangential to the surface of the Cu pad (TSC), is not a real growth 
mechanism for IMCs; it' s due to the formation of new and fine particles at the edge of 
the domain. 
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Fig. 6-6 Interfacial IMCs formed on Cu pad at Point A (505 K) in Curve 1 (Fig. 6-5) 
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Fig. 6-7 Interfacial IMCs formed at the edge of a main domain at Point A (505 K) in 
Curve 1 (Fig. 6-5) 
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Fig. 6-8 EDX of coarse interfacial reactants within a domain in Fig. 6-6 
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Fig. 6-9 Interfacial IMCs formed at the edge of a secondary domain at Point A (505 K) 
in Curve 1 (Fig. 6-5) 
With a different size (Paste 2) and composition (Paste 3) of solder balls in the paste, 
a similar initial formation behaviour of interfacial reactants is achieved on the Cu 
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substrate. Figs. 6-10 and 6-11 present domains formed from Pastes 2 and 3, respectively 
(Note that the spinning temperature is different from Point A in Curve 1 ). Both of them 
show that there are large amounts of coarse particles inside domains; and the edges of 
domains are also surrounded by transition zones. Compared with Figs. 6-7 and 6-8, the 
structure of the transition zone looks different for various pastes. In fact, there is a flux 
layer, sometimes, covering the edge of a domain, which makes it difficult to observe the 
original edge. To identify and further characterize interfacial IMCs formed at the initial 
stage, cross-section samples are prepared at the edges of domains by means of FIB for 
all types of the Pastes. Figs. 6-12 and 6-13 present sections prepared for the second and 
main domains for Paste 1, respectively. Since cross-sections are perpendicular to the 
domain' s edge, and, consequently, parallel to the moving direction of this edge, the 
cross-section, from the boundary between the bare Cu and to the domain, presents the 
evolution trend of interfacial reactants. Fig. 6-14 is a local TEM image, which covers 
the entire transition zone and a part of the coarse-particle zone at the cross-section in 
Fig. 6-12 (a). Generally speaking, there are five layers in the cross-section: the copper 
substrate, a thin layer of fine particles, a thick layer of coarse particles, which are only 
formed on the right-hand side of the section, a white continuous layer and a dark 
continuous layer of platinum (used as deposition to protect the sample's surface during 
FIB cutting). The white continuous layer seems to have an amorphous structure. EDX 
(Fig. 6-20b) shows that its composition contains a large portion of carbon. Based on 
materials involved in the test, it is predicted that this layer is formed by the flux 
(rosin/Cl9H29COOH). This prediction is further supported by the fact that it is 
transparent to optical microscope observation. Diffraction patterns obtained and EDX 
shows that the coarse particles are Cu6Sn5 IMCs; and the fine particles underneath the 
Cu6Sns layer are Cu3Sn IMCs. The fine particles on the left-hand side (without the 
Cu6Sns layer on them) are also Cu3Sn IMCs (identified by EDX and diffraction patterns 
on TEM as shown in Fig. 6-14). The position of these Cu3Sn IMCs that are not covered 
by the Cu6Sns layer corresponds to the transition zone of the investigated secondary 
domain. Therefore, these Cu3Sn IMCs are fine particles at the edge of a domain 
presented in Figs. 6-6 and 6-7. Since these Cu3Sn IMCs are more close to bare Cu, they 
are forrned first during the wetting process; and the tip of interfacial Cu3Sn layer, as 
noted in Fig. 6-14, is the boundary between interfacial reactants and bare Cu in TSC 
direction. Generally, these Cu3Sn IMCs does not need to be firmly formed on the Cu 
substrate. They can be separated during the growth process as presented by the tip of 
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Fig. 6-10 (a) Initial formation of interfacial IMCs from Paste 2. (b) A cross section at 
the edge of a secondary domain. The dashed line indicates the location of the cross-
section. Position of Points A and Bin (a) correspond to those in (b). 
Fig. 6-11 (a) Initial formation of interfacial IMCs from Paste 3 (b) A cross section at the 
edge of a domain. The dashed line indicates the location of the cross-section. Positions 
of Points A and Bin (a) correspond to those in (b). 
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Fig. 6-1 2 (a) Initial formation of interfacial IMCs from Paste 1. (b) A cross section at 
the edge of a secondary domain. The dashed line indicates the location of the cross-
section. Positions ofPoints A and Bin (a) correspond to those in (b). 
Fig. 6-13 (a) Initial formation of interfacial IMCs from Paste 1. (b) A cross section at 
the edge of a main domain. The dashed line indicates the location of the cross-section. 
Positions of Points A and Bin (a) correspond to those in (b). 
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Fig. 6- 14 (a) TEM image of cross-section in Fig. 6-12b. It is at the edge of the 
secondary domain formed from Paste 1. Arrows indicate the direction of the cross-
section. (b) EDX for Cu3Sn. 
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the fine-particle layer. As a result, holes can be formed between this layer and the Cu 
substrate as demonstrated in Fig. 6-14. These holes are filled with the flux. The Cll6Sn5 
layer is formed later since it is situated farther from the interfacial reactant tip, and 
based on the existing fine Cu3Sn layer. Compared with Cu3Sn IMCs underneath, they 
are much larger, and directly observable from the top. In Figs. 6-7 and 6-8, they 
correspond to the coarse particles inside a domain. 
The interfacial reactants formed at the edge of the main domain from Paste 1 are 
presented in Fig. 6-15. Compared with those formed in a secondary domain, a similar 
structure is achieved: a layer of fine Cu3Sn particles is directly formed on the Cu 
substrate, whiJe a coarse Cll6Sn5 layer forms between the flux and the fine particle layer. 
The former one extends more in the TSC direction, indicating that it is formed earlier. 
The similar structure at the edges ofboth the main and secondary domains indicates that 
it is a general case for the initial formation of interfacial reactants from Paste I. To 
verify whether this interfacial evolution is unique for Paste 1, cross-sections are 
prepared at the edges of domains formed by pastes with different compositions or sizes 
of solder balls (Paste 2 and 3). Figs. 6- 1 0 and 6-11 give the location of the cross-
sections. Figs. 6- 16 and 6-17 present the local areas at the edge of a domain. Both of 
them show a s imilar interfacial structure to those in Figs. 6-14 and 6-15 . This indicates 
that the achieved results depict a major type of initial fonnatlon behaviours of 
interfacial reactants during the wetting process with the help of the flux. It can be 
generalized to a varying size of SnAgCu solders as well as different types of Sn-based 
Pb-free so lders. 
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Fig. 6-15 TEM image of cross-section in Fig. 6-13b. It is at the edge of the main 
domain formed from Paste 1. Red arrows indicate the direction of the cross-section. 
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Fig. 6-16 TEM image of cross-section in Fig. 6-1 Ob. It is at the edge of the main 
domain formed from Paste 2: (a) entire image; (b), (c) and (d) are local images of (a). 
Red arrows indicate the direction of the cross-section. 
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Fig. 6-17 TEM image of cross-section in Fig. 6-11 b. It is at the edge of the main 
domain formed from Paste 3. Red arrows indicate the direction of the cross-section. 
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To understand the nucleation and growth behaviour of interfacial reactants, it is 
importan~ to know the state of surrounding solder materials. While the temperature of 
Point A in Fig. 6-5 is 15 K above the Tm of Sn3.8Ag0.7Cu alloy, it is suspected that the 
so lder paste is not fully molten or jointed together. The doubt is based on 
characterizations of initial secondary domains. As seen in Fig. 6-6, most of them have a 
near-round shape, and their diameter is around 6 ~m. These features are very similar to, 
and therefore may result from, that of solder balls in the applied paste. One possible 
explanation for this phenomenon is that not all the solder balls on the Cu pad are molten 
at Point A due to inhomogeneous thermal conditions. On bare Cu areas, which are near 
the edge of the main domain, some of solder balls are semi-molten or even separated by 
flux. When the molten side of a semi-molten ball touches the bared Cu pad, it reacts 
with Cu, and forms an initial secondary domain, inheriting its original characteristics. In 
Figs 6-12 and 6-13, there are some small bumps in a bare Cu area. They are suspected 
to be individual balls, which have reacted with the Cu substrate, but fail to be rotated 
off. On areas of a main domain, solder balls may be fully molten. They coalesce, 
becoming a large continuous liquid body. In this case, the growth of a main domain is 
driven or accompanied by the growth and movement of the liquid body over the Cu 
surface. On the large bare Cu area, nearly no solder balls are molten, or it is separated 
by the flux. Therefore, there is no interfacial reaction as demonstrated by clear scratches 
remaining on the Cu's surface. To clarify the relationship between the evolution of the 
so lder paste and the initial formation behaviour of interfacial reactants, the solder 
material (Paste 1) is heated up to Point A in Fig. 6-5, and rapidly cooled by the high-
pressure air without spinning to explore the information within the solder material. The 
temperature profile for this case is given by Curve 2 in Fig. 6-5. Fig. 6-18 presents a 
cross-section of the solder bump, which is parallel to, and close to, the surface of the Cu 
substrate. It clearly shows two zones: a continuous one on the right; and a discrete one 
on the left. Obviously, the continuous zone is formed by the coalescence of original 
individual solder balls. If the reflow continues, it will move to the left by gradually 
'swa1lowing' more individual balls at its boundary. Individual balls in the discrete zone 
have been connected with the Cu pad. Otherwise, they would be ground away during 
the sample preparation procedure. It is expected that these individual balls are in the 
same case as the small bumps in Figs 6-12 and 6-13. Their interface with the Cu 
substrate corresponds to the secondary domains in Fig. 6-6. Similarly, a main domain is 
expected under the continuous zone. 
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To verify the prediction, a cross-section is prepared through an individual ball in the 
discrete zone, which is close to the Cu substrate. Fig. 6-19 presents the entire cross-
section. It can be seen that the top side of the ball is ground away; and its bottom has 
been connected tothe Cu substrate. Beside the connected area, flux fills out the gap 
between the ball and the Cu pad. On both sides of the ball, the solder has large wetting 
angles with the Cu substrate, more than 90 degrees. Interfacial reactants between the Cu 
substrate and one side of the ball are given in Fig. 6-20. Compared with those in Figs. 
6-14 - 6-17, the structure of interfacial reactants is rather similar. This indicates that the 
applied fast cooling condition is able to capture the main features of the interface, also, 
the achieved results are repeatable and reliable. They present major wetting behaviour. 
In fact, the interface under both sides of the ball has a similar but symmetrically 
reflected structure. It forms a secondary domain. This confirms that an individual solder 
ball corresponds to a secondary domain underneath. 
Fig. 6-1 8 Cross-sections of Paste 1 on Cu substrate, heated to Point A in Fig. 6-5 and 
rapidly cooled without spinning (following Curve 2). This cross-section is parallel to, 
and close to, the Cu pad. 
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Fig. 6- 19 Cross-section prepared through an individual ball (from Paste 1) in the 
discrete zone, which is close to the Cu substrate. The sample undergoes a fast cooling 
(about 40 K/s) at Point A as shown by Curve 2 in Fig. 6-5. 
In Fig. 6-20, the solder ball is situated on and to the left of the coarse Cll6Sns layer. 
This indicates that the layer of fine Cu3Sn particles is formed ahead of the liquid solder 
and in the flux, and the liquid solder wets onto this existing interfacial reactant. To form 
Cu3Sn IMCs in the flux, both Sn and Cu are required to move to the corresponding 
position. Obviously, Sn elements come from the solder ball because it is the only source. 
However, there are two sources for Cu: the SnAgCu solder and Cu substrate. It is not 
clear how strong the effect of Cu from the solder is. However, the latter source can 
individually provide enough Cu since there is no Cu in Paste 3, but the fine-particle 
layer is sti ll formed, as demonstrated in Fig. 6-17. As shown in all the studied cross-
sections, this fine-particle layer is considerably closer to, or even in a contact with, the 
substrate. Therefore, it is reasonable to the pad directly supplies Cu. However, there is a 
long way to transport Sn from the solder ball, especially to the tip of the fine particle 
layer. Generally, there can be two paths for this transfer. One is through the interfacial 
reactants. This needs a large gradient of the Sn concentration in TSC direction so that it 
can drive a large Sn flux to form such a long extruded layer. But EDX analysis shows 
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that the concentration of Cu is similar in all positions checked in this layer. The second 
possibility is that Sn transfers through the solder/flux interface, and subsequently, 
through the flux. This possibility is demonstrated by the presence of Sn in the flux, 
found by means of EDX analysis as shown in Fig. 6-20. Based on the achieved results 
and above analysis, the formation behaviour of this fine Cu3Sn-particle layer is 
suggested: when a solder ball is placed on the Cu substrate together with the flux, Sn in 
the solder ball and Cu in the substrate begin to move into the flux, e.g. by removing the 
oxidized layer, diffusion or dissolution. But the rate of this transport is low because the 
ball and substrate are in solid state. So the transportation zone (TZ) for Sn and Cu are 
still very thin and close to the solder ball and Cu substrate, respectively, as illustrated in 
Fig. 6-21(a). No obvious interfacial reaction can be observed. When the temperature 
increases and a solder ball is molten, the transfer rate of Cu is still low, and its TZ is 
still thin. lt is difficult for Cu to move to the zone of high Sn concentration, which is 
close to the surface of the solder ball, to form reactants. In contrast, the transfer rate of 
Sn is considerably higher from the molten solder. This results in a much thicker layer of 
Sn TZ around the molten solder ball as illustrated in Fig 6-21 (b). When these two TZs 
meet each other, reactants are formed. As shown in Fig. 6-21 (b), the meeting zone just 
corresponds to the location of the layer of the fine Cu3Sn-particles. The morphology of 
this layer is mainly determined by the shape of these TZs, especially the overlapped 
area. As shown in Fig. 6-21 (b), the Sn TZ surrounds the body of the molten solder. 
When this TZ meets with the substrate, this morphology of the liquid solder is inherited 
to the reactants. Therefore, a fine-particle layer is distributed at the edge, and has a 
similar shape to that of the domain in the TSC direction. Cu can also be transported into 
the flux . This is demonstrated by EDX in Fig. 6-20. But the Cu TZ is considerably thin 
and close to the substrate. Transport of Sn atoms to this zone causes the formation of 
reactants. Therefore, the resulting fine-particle layer is thin and close to the substrate 
along the direction normal to the Cu substrate (NCS). The length of this layer (in the 
TSC direction) is mainly determined by the thickness of the Sn TZ because the length 
of the Cu TZ can be considered as infinite. The formation of SnCu reactants is limited 
by the supply of Sn, e.g. how long (length scale) they can be transferred. This also 
explains why the first reactant has a high Cu composition Cu3Sn rather than CU6Sn5. 
Since these reactants can be formed in the flux, the resulting growth of the layer of fine 
Cu3Sn- paricles can be sometimes separated from the Cu substrate. This explains why 
there are some holes between this layer and the substrate, which are filled with the flux. 
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Fig. 6-20 (a) TEM image of cross-section in Fig. 6-19. It is at one side of the individual 
ball, which is connected to the Cu substrate. Red arrows indicate the direction of the 
cross-section; (b) EDX analysis in the flux between the solder ball and the Cu substrate. 
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(a) (b) 
Sn TZ in flux -.. 
r-Sn TZ in flux 
...--Cu TZ 
Fig. 6-21 Mechanism of the formation behaviour of the layer of finer S nCu particles 
ahead of the liquid solder: (a) low temperature; (b) high temperature with the molten 
solder ball. 
After the fine CuSn particle layer is formed, the liquid solder begins to wet across it, 
forming Cu6Sns IMCs. These interfacial reactions occur based on the existing high Cu-
concentration Cu3Sn rather than the pure Cu substrate. Therefore, Cu concentration in 
the liquid/solid reactant is lower. In fact, Cu6Sn5 IMCs may be formed before the liquid 
solder contacts with the fine-particle layer. In an area within the flux, which is close to a 
wetting point, the molten solder is considerably closer to the substrate, especially with a 
large wetting angle. This can supply a large amount of Sn atoms to the surface of the 
fine-particle layer. When the Sn concentration reaches a certain level, Cu6Sn5 can be 
formed directly on this layer. In this case, the liquid solder wets on the Cu6Sn5 layer. 
Between the Cll6Sns layer and the solder ball in Figs. 6-19 and 6-20, no flux layer is 
found as in other cross-sections. This demonstrates that this flux layer results from the 
spmrung process. 
So far, the investigation focuses on the growth behaviour of a domain in TSC 
direction based on an existing domain. Before the existing domain is formed, most 
solder balls are separated from the Cu substrate by the flux. After a solder ball is molten, 
a Sn TZ is formed around it. The Sn TZ grows rapidly with time. When it touches the 
Cu TZ on the substrate, a round shape interfacial reactant, which is in the case of the 
fine Cu3Sn-particle layer formed ahead of a domain, is generated. Fig. 6-22 illustrates 
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this procedure. This is the initial formation behaviour of the domain. Fig. 6-23 presents 
domains formed at these stages. 
So TZ in flux 
Fig. 6-22 Mechanism of initial formation behaviour of secondary domain 
,. 
.. 
' 
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• I I"' " : ' ' ~ ' ' ' ' ' 
Fig. 6-23 Initial formation of secondary domain from Paste 1 
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After the temperature increases to Point B in Fig. 6-5, the Cu pad can be completely 
covered by the coarse Cu6Sns IMCs as shown in Fig 6-24b. This indicates that 
interfacial reactants are able to survive under increased temperature. At this moment, 
the initial formation behaviour of interfacial IMCs have finished . They then transfer 
into the growth stage. 
6.1.2.2 Growth of interfacial IMCs 
As demonstrated in Section 6.1.2.1, interfacial IMCs are found for the first time 
around 505 K, Point A in Fig. 6-5. At this moment, some areas are covered by these 
IMCs, while some areas are not as shown in Fig. 6-24a, indicating that they are at an 
initial formation stage. When the temperature increases to 518 K (Point B in Fig. 6-5), a 
rapid cooling test without spinning to remove the liquid solder is performed. A 
condense bump is formed on the Cu pad. This confirms that solder balls in the paste 
have been fully molten and coalesced. At this moment, interfacial IMCs have covered 
the entire Cu pad as shown in Fig. 6-24b, indicating that the initial formation of 
interfacial IMCs has been completed; they come to the growth stage. To investigate the 
evolution of interfacial IMCs under a condition of temperature increasing, the 
temperature is further increased to 527 K Point C in Fig. 6-5. The surface morphology 
in Fig. 6-24c shows that the interface is still covered with a large amount of coarse 
particles. This indicates that the interfacial IMCs formed at Point A can survive under a 
temperature increasing condition. These particles are analysed by EDX and diffraction 
pattern on TEM, and the results show that they are Cn6Sn5 IMCs. Compared with the 
surface morphology of Cn6Sns IMCs formed at Points A, CU6Sn5 particles grow 
gradually from Point A to B and to C in the TSC direction. To characterize the 
evolution of the IMC interface in the NCS direction, cross-sections are prepared for the 
interfaces formed at Points A and C as shown in Figs. 6-25a and b, respectively. These 
images show that a layer of the fine structure has been formed between the coarse 
Cu6Sns layer and the Cu substrate. EDX and diffraction pattern on TEM shows that this 
layer is composed of Cu3Sn IMCs. Therefore, the structure of the IMCs at the interface 
is Cu6Sns/Cu3Sn/Cu as shown in Fig. 6-26a. These cross-sections also show that most 
of Cu6Sns IMCs at the interface have the scallop morphology; and that there is not 
much difference in the thickness of interfacial IMCs, under the condition of temperature 
increasing. 
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Fig. 6-24 Surface morphology of interfacial IMCs fonned at (a) Point A ; (b) Point B; (c) 
Point C; (d) Point D; (e) Point E; (f) Point F; (g) Point G; (h) Point H; (i) Point I in Fig. 
6-5 for the first reflow, respectively. (j) is fonned at Point C for the second reflow. 
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Fig. 6-25 Cross-section of interfacial IMCs formed at: (a) Point A; (b) Point (c); (c) 
Point E; (d) Point F; (e) Point G; (f) Point H; (g) Point I for the first reflow in Fig. 6-5, 
respectively; (h) is formed at Point C for the second reflow. Note that the normal of 
cross-sections in (a)- (h) deviate 52° from that of these images. 
To investigate the interfacial evolution of IMCs under a constant temperature, a 
dwell period of 2 minutes at 518 K (from Point D to E in Fig. 6-5) is programmed after 
the temperature reaches the maximum value. The reflow between C and E can be 
considered as a quasi-constant temperature condition since the temperature fluctuations 
are below 9 K. Figs. 6-24d and e show the morphology of interfacial IMCs formed at 
the beginning and end of the dwell period, corresponding to Points D and E in Fig. 6-5 
respectively. Although the pad is still fully covered by coarse ~Sn5 particles, there is 
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obvious coarsening of the IMCs with time along the TSC direction. This may be 
attributed to a relatively longer reflow time. However, the growth in the NCS direction 
is less obvious, especially compared with IMCs fonned at Point A in Fig. 6-5. It is 
much less than the empirical value based on samples that have been solidified. 
(a) 
100 run 
-
Fig. 6-26 TEM images of interfacial IMCs formed at Points A (a) and I (b) in Fig. 6-5 
for the first reflow; (c) and (d) are diffraction patterns for interfacial Cu6Sn5 and Cu3Sn 
IMCs, respectively. 
It is known that the thickness of IMCs is determined by the relative movement of 
two interfaces: IMCslliquid solder; solid Cu/IMCs. The latter one moves towards the 
Cu substrate, and therefore, is the growth behaviour of interfacial IMCs along NCS 
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direction. According to Ref. [92], the moving rate of the Cu/IMCs interface is 1.6 
J .. unlmin for Sn0.7Cu solder at 523 K. This data can be used in the case of 
Sn3 .8Ag0. 7Cu since Ag has little effect on the consumption rate of Cu pads [92]. From 
Point 8 to E of the profile in Fig. 6-5, the temperature is above 518 K for more than 3 
minutes. Therefore, the movement of Cu/IMCs interface is around 5 J..l.m. Thls 
calculated value is also close to the results in Ref. [90]. Considering the atom ratio of 
Cu to Sn in Cll6Sn5, their atom weight and the relative density of pure Cu and Cu6Sns, if 
all the consumed Cu substrate is converted into interfacial Cu6Sns IMCs, and no Cli6Sns 
is consumed at the Cu6Sn5/liquid solder interface, the resulting thickness of interfacial 
Cu6Sn5 is around 2.7 times 5 J..l.m (the Cu3Sn layer is neglected in this analysis since it is 
much thinner than the Cu6Sn5 layer). As can be seen in Fig. 6-25c, the thickness of 
interfacial IMC is considerably lower than this value. To generate this difference, Cu in 
the substrate needs to somehow transport to the molten solder. One explanation is that 
Cu diffuses through the interfacial IMC layer via boundaries between Cu6Sns particles 
[91]. Another one is that Cu6Sns is directly dissolved into the molten solder at the 
Cu6Sn5/solder interface [98-1 00] , and the possibility has been demonstrated by the 
secondary reflow test discussed below. If the latter is the dominant mechanism to 
transfer Cu to the liquid solder, the dissolution rate of Cu6Sns IMCs should be several 
times higher than the consumption rate of the Cu substrate at a constant or quasi-
constant reflow temperature such that it will keep the stable thickness of interfacial 
IMCs from Point B to E. Ln this case, the scallop morphology of Cu6Sns at Point E is 
resulted from its dissolution behaviour: it is much easier to dissolve Cu6Sns IMCs at 
their boundaries than from their main body. To further investigate the evolution of 
interfacial IMCs at a constant temperature, a specimen is employed to have 20 minutes 
dwell at 518 K (from Point D to F in Fig. 6-5). This excludes the peak temperature of 
the temperature profile. Figs. 6-24f and 6-25d present the surface morphology and 
cross-section of the interface, respectively. Accordingly, the Cli6Sn5 layer grows along 
the NCS direction, but not obviously. This gradual growth may be due to the change of 
the composition of the molten solder. After a long dwell time, a large amount of Cu is 
transported to the liquid solder. The increase in the Cu content reduces the dissolution 
rate of Cu6Sns IMCs. As a result, the Cll6Sn5/solder interface moves slower than the 
Cu/IMCs interface. Along the TSC direction, the growth of Cu6Sn5 IMCs is much more 
pronounced. This leads to a large length-to-thickness ratio for a scallop Cu6Sn5 grain. 
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After dwelling for two minutes, the solder is cooled down directly at the rate of 30 
K/min, from Point E to G, H and I in Fig. 6-5. Under this thermal condition, the alloy 
has certain degree of undercooling. Therefore, the liquid-to-solid transformation, at 
Point I, is about 10 K bellow the T m of the eutectic SnAgCu alloy. The first specimen 
examined is a fully solidified one. The solder bump is etched away by an acid solution. 
Its interfacial surface and cross-section are given in Fig. 6-24i and Fig. 6-25g, 
respectively. A typical interface after the solidification is presented: a layer of coarse 
Cu6Sn5 IMCs is distributed on the top; while a fine layer Cu3Sn IMCs is formed 
between Cu6Sn5 IMCs and the Cu substrate as shown in Fig. 6-26b. Cu6Sns IMCs still 
have a scallop shape, but they become much thicker than those formed at Point E (Fig. 
6-5). Even compared with those formed at Point F, which experiences a considerably 
longer reflow time, their growth in the NCS direction is more pronounced, indicating 
that the growth mechanism may be changed. At Point E, the specimen has experienced 
some time of reflow. A gradient of the Cu content is formed in the molten solder in the 
NCS direction. The Cu content in the solder along the IMC interface is relatively high, 
and may be close to solubility. When a specimen is cooled from Point E, solubility of 
Cu decreases. The concentration of Cu along the interface first meets the limit, and Cu 
begins to precipitate locally in the form of Cu6Sn5 IMCs. Since heterogeneous 
nucleation needs less energy, the precipitation is based on the existing interfacial 
Cu6Sns IMCs. In this case, the Cu6Sns/solder interface moves backwards to the molten 
solder during the stage of temperature decreasing. To capture this growth behaviour, 
specimens and corresponding sections are prepared at Points G and H - the middle 
positions between Points E and I, as shown in Figs. 6-24f, g and Figs. 6-25e, f. It can be 
seen that Cu6Sns IMCs has grown at Point G. At Point H, the morphology of interfacial 
Cu6Sns IMCs has been very close to that after solidification. In all the Figs. 6-25e, f and 
g, growth of the main body of interfacial Cu6Sn5 grains is more pronounced than that of 
their boundaries in the NCS direction, indicating that CU6Sn5 IMCs are preferable to 
precipitate on there sites at the Cu6Sns/solder interface under the condition of 
temperature decreasing. This heterogeneous growth provides the scallop interfacial 
Cu6Sns with a large thickness- to-length ratio. In the TSC direction, the dimension of 
Cu6Sns IMCs at Points G, H and I grows gradually, and is in the middle between those 
formed at Point E and F, which is in proportion to the reflow time. 
- 134-
Chapter 6 Formation of the Microstructure in SnAg Cu Solder Bumps on a Cu Substrate 
After the specimen is fully solidified, it is reheated to the maximum temperature 
(Point C) following the same temperature profile in Fig. 6-5. Before the secondary 
reflow, a thick layer of scallop-like Cu6Sn5 IMCs have been formed as shown in Figs. 
6-24i and 6-25g. After it, the dimension of Cu6Sn5 IMCs in the tangential direction does 
not change much; however, their thickness become much lower as shown in Figs. 6-24j 
and 6-25h. The obvious movement of CUGSn5/solder interface towards the substrate 
demonstrates the fact that the tip of interfacial Cu6Sn5 IMCs has been dissolved into the 
molten solder, leaving their bases. From Point A to C, the solubility of Cu in the molten 
solder increases with the rising temperature. ln order to maintain the balance at the 
interface, Cu6Sn5 IMCs dissolve to supply more Cu. This is a reverse process to the 
cooling stage in the first reflow. In other words, the Cu6Sn5/solder interface can evolve 
to both the Cu substrate and the molten solder. Both the Cu concentration and its 
solubility in the molten solder along the solid/liquid interface are key factors that 
determine the moving direction, while the latter is mainly determined by the 
temperature. 
Another factor affecting thickness of the interface is the formation of CUGSn5 IMCs 
at the Cu3SniCUGSn5 interface. It' s reasonable to consider the evolution of this interface 
to be a solid-state reaction, such as aging, since the adjacent components are all in a 
solid state. At a temperature below the T m of a solder, the supply of Cu from the pads 
drives the growth of a Cu3Sn layer, while the supply of Sn from the solder bump drives 
the growth of Cu6Sns. The movement of Cu6Sns/Cu3Sn interface is controlled by the 
supply of Cu and Sn on both sides. Since the solder bump is also in a solid state dunng 
the aging process, the content of Cu supplied from the pads is comparable with that of 
Sn supplied by the solder bump. Consequently, the thickness of Cu6Sn5 and Cu3Sn layer 
is similar [101]. However, during the reflow, the molten solder is considerably more 
active, allowing to drive more Sn through the liquid-solid interface. This additional Sn 
diffuses through the Sn6Cu5 layer and reacts with Cu3Sn IMCs, consuming the Cu3Sn 
layer and forming Cu6Sns IMCs. As a result, the Cu3Sn/Sfi6Cus interface moves towards 
the Cu pad. This is demonstrated by the relatively thin Cu3Sn layer in all the cross-
sections prepared, indicting that the relative movement between the Cu/Cu3Sn and 
Cu3Sn/Cu6Sns interfaces is small. In most of these cross-sections, there is only one 
grain in the Cu6Sns layer in the NCS direction. This shows that nearly no new Cu6Sn5 
IMCs nucleate at the Cu3Sn/Cu6Sns interface. In other words, the Cu3Sn-to-~Sn5 
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transformation is based on the lattice of the existing interfacial CUQSns IM.Cs. Therefore, 
the lattice orientation of final CU{;Sn5 grains is determined by that of initial ones formed 
at Point A. As shown in Figs. 6-7 and 6-24a, there is a large amount of relatively small 
Cu6Sn5 IMCs at the interface. During reflow, they continue growing in the TSC 
direction as shown in Fig. 24. This coarsening behaviour is realized by the reduction of 
grain boundaries between these JMCs. From another point of view, some of fine 
particles formed at Point A grow selectively. To investigate whether there are any 
preferences for this coarsening behaviour, a cross-section is prepared in the Cu6Sns 
layer formed at Point I in the TSC direction. EBSD analysis is applied to characterize 
the grain orientation. As shown in Fig. 6-27, the lattice orientation is not exactly the 
same for all the particles. Most of them are likely to grow in [0001] direction since the 
colour in these IMCs is more close to red. 
1010 
Fig. 6-27 EBSD analyses on the interfacial Cu6Sn5 IMCs: (a) Cross-section of Cu6Sn5 
lMC layer, which is parallel to the substrate; (b) EBSD map. 
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In summary, Cu3Sn IMCs are formed ahead of the liquid solder at the three-phase 
contact line during the wetting process. The liquid solder spreads on the existing Cu3Sn 
layer, forming Cu6Sn5/Cu3Sn/Cu sandwich structure at the interface at the early stage of 
Culliquid solder reactions. This sandwich structure can maintain throughout a reflow. 
Under increasing temperature or short-time dwelling conditions, Cli6Sns IMCs dissolve 
into the molten solder, resulting in a thin IMC interface. When the temperature 
decreases, Cu6Sn5 IMCs grow back to the molten solder; interfacial IMCs become 
thicker. 
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6.2 Formation of A~Sn plates in the soldering process of SnAgCu onto 
Cu substrate 
In the SnAgCu solder alloys, Ag is primarily introduced to reduce the T m, as well as 
modify metallurgical and mechanical characteristics of the alloys. After reflow, Ag 
combines with Sn, forming A~Sn IMCs in the alloy. In most cases, A~Sn IMCs 
present in eutectics in the form of small particles (or fibres, depending on the 
manufacturing process), enhancing the solder's mechanical performance [65]. However, 
such particles are not the only possible morphology of A~Sn IMCs. Sometimes, large 
Ag3Sn plates, which can span the entire joint, are also found [ 1 02]. Since these plates 
are brittle and their size in some cases is comparable with that of a joint, it is highly 
probable that these large IMC plates can change its mechanical properties, and, 
consequently influence the reliability of a solder joint. For instance, it has been reported 
that cracks can initiate and propagate along the interface between A~Sn plates and the 
solder [1 03, 1 04], also the existence of A~Sn plates can seriously reduce joint's 
ductility [ 17 1 05]. When solder joints are miniaturized, these factors become more 
prominent since they increase the uncertainty of the solder joint's mechanical behaviour. 
Therefore, the formation of Ag3Sn plates requires considerable attention in the 
application of the SnAgCu Ph-free solder. 
Generally, 2D cross-sectional images, such as optical and SEM micrographs of a 
solder joint, or 3D view of Ag3Sn plates through selectively etching are conventionally 
used to characterize these plates. These approaches were widely used after a solder joint 
is solidified [102]. To obtain more information on the formation behaviour, differential 
thermal analysis (DT A) and differential scanning calorimetry (DSC) were performed to 
capture the thermal change due to PT [ 1 06, 1 07] . By comparing the temperature 
variation and microstructural features after a solder joint is solidified, it is possible to 
discover when these features are formed. In this section, the same experimental 
approach as described in Section 6.1.1 is used to study the formation of A~Sn IMC 
plates in a molten SnAgCu solder during reflow. Using this method, multiple tests at 
different stages of reflow are carried out to observe their size and morphology, thereby 
gain an insight into the nucleation and formation characteristics of Ag3Sn. 
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6.2.1 Experiments 
The solder material (Sn3 .8Ag0.7Cu paste), PCB samples and equipment used in this 
section are described in detail in Section 6.1.1. It should be mentioned that in order to 
obtain interfacial CuSn IMCs in Section 6.1, the rotation speed used is the maximum 
one to get a clean interface, while in this Section, the speed of the rotation is slightly 
lower so that large AIDSn plates are not broken and driven away from Cu pads. Fig. 6-
28 presents the temperature profiles used in these tests. Curves 1 in Fig. 6-28 are part of 
Curves 1 in Fig. 6-5 for a local temperature range above the solder's T m· Curve 2 is an 
additional one for comparison. 
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Fig. 6-28 Temperature profiles during reflow. Curve 2 has no dwelling stage compared 
with Curve 1. The cooling rate is 30 K/min for both Curves 1 and 2. 
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6.2.2 Results 
The first temperature regime studied is shown as Curve 1 in Fig. 6-28. It includes all 
the typical thermal conditions during reflow, such as temperature increase, stabilisation 
and cooling. Step-by-step rotation tests are conducted from the T m of the solder material 
to its final solidification. Note that each specimen is rotated once for one test. The 
increment is controlled within 5 K and 30 seconds for each test. No trace of A~Sn 
plates has been observed during the stages of temperature increase and stabilisation. 
The first time that A~Sn plates are found is at point A (501 K) in the cooling stage of 
Curve l . Several repeated tests are conducted at this point to confirm this result. 
Sometimes A~Sn can be found, and sometimes not, indicating that this is likely to be 
close to the stage of the nucleation for A~Sn plates in Curve 1. Fig. 6-29 presents the 
obtained morphology on the pad at Point A of the reflow profile (Curve 1 in Fig. 6-28). 
It can be seen that a very tiny A~Sn plate is formed in Zone I on the pad. By examining 
the basis of the plate, i.e. the interface between SnCu rMCs and the plate, it appeared 
that the plate has grown from the IMC layer. Considering the plate still stick on the base 
after high-speed rotation of the holder for removal of the reminder liquid solder, the 
bonding force between the plate and interfacial IMCs can be considerably strong. 
The second moment investigated is Point B (493 K) in Fig. 6-28 which experiences 
a further cooling from Point A to a temperature just above the T m of SnAgCu solder. It 
presents a transition growth stage. The morphology of the pad in Fig. 6-30a shows that 
large amounts of small A~Sn plates are formed. To view the morphology of these 
plates in detail, a local area in Fig. 6-30a is zoomed and presented in Fig. 6-30b. It can 
be seen that the plate grows from the interfacial SnCu IMC layer into the molten solder. 
In most cases, a plate can have several sub-plates or branches, forming a leaf-like shape 
at this stage. Interestingly, the angle between these sub-plates is close to 90 degrees. 
There appears to be a particular lattice-growth preference. To illustrate this growth 
behaviour, a plate in Fig. 6-30b is taken for our analysis. It can be seen that there are 
three sub-plates, which follow this 90- degrees pattern. Obviously, the tip of each sub-
plate is the major growth direction. If the major growth directions of sub-plates 2 and 3 
are considered as one direction since they are parallel, then this A~Sn plate has two 
preferable growth orientations, which are perpendicular to each other. These growths, 
along the axes of sub-plates, determine the lengths of a sub-plate. Along the sub-plate's 
sides the front edges have a 'saw-tooth' like profile, and the axis of a saw tooth is 
parallel to the main growth direction of an. adjacent sub-plate. For instance the axes of 
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Fig. 6-29 Surface morphology fonned on the pad at Point A of Curve 1 in Fig. 6-28: (a) 
general view of the pad; (b) local area of the circular Zone I in (a). Balls near the A~Sn 
plate are due to contamination. 
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Fig. 6-30 Surface morphology formed on the pad at Point B of Curve 1 in Fig. 6-28: (a) 
general view of the pad; (b) local area (a). To obtain details of the A~Sn plate's 
structure, the maximum rotation speed is applied. Some Ag3Sn plates fall down under 
this condition. 
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saw teeth at the edge of sub-plate 1 are parallel to the major growth directions of sub-
plates 2 and 3. This phenomenon shows that the edge of sub-plate 1 is not stable in the 
direction normal to the sub-plate's axis since A8JSn IMCs prefer to grow in this 
direction, which also demonstrated by the major growth behaviour of sub-plates 2 and 3, 
resulting in the 'saw tooth ' profile. From another point of view, 'saw tooth' at the edge 
can be considered as an initial state of the sub-plate. The growth normal to the major 
axis of the sub-plate controls the width of the plate. 
At the intersection point of two sub-plates as shown in Fig. 6-3011, the saw-tooth 
structures belonging to two sub-plates, e.g. sub-plates 1 and 2, meet and interact due to 
their own growth orientations, forming an intersection line between two sub-plates. 
Since there is no trace of an intersection line that extends to the main body of the 
analyzed A8JSn plate, all the sub-plates of an Ag3Sn plate are considered to originate 
from the same A8JSn nucleation process, and maintain the same crystal orientation 
during their growth. When they meet with each other, two sub-plates can ideally be 
combined. In this case, the entire leaf-like A8JSn plate should be a single crystal. The 
combination of different sub-plates, which are normal to each other, is one type of the 
combination mechanism to form a large continuous Ag3Sn plate, which is named 
combination mode 1 in this section. 
In terms of thickness, the A8JSn plate can be divided into two regions: (i) the 
transition zone with active faces along the edges; (ii) and the main body with quasi-
uniform thickness. It is obvious that the transition zone is under active growing. Its 
evolution results in the growth of entire plate along the plane direction. In fact, this 
evolution is realized by gradual accumulation of Ag3Sn on the active surfaces along the 
edge. For instance, there are generally four (sometimes two) active faces astride the tip 
of a 'saw tooth' or sub-plate. The active face has a flat and smooth surface at the micro 
scale as shown in Fig. 6-31 a. During growth, A8JSn forms on this existing surfaces in a 
certain order, maintaining the flat surface, resulting in a 'sharp blade' at the edge. It 
should be mentioned that the transition zone is not formed from the stage of nucleation. 
It evolves from the irregular shape at the initial nucleation stage as shown in Fig. 6-29b. 
In the quasi-uniform thickness zone, the growth along the direction perpendicular to the 
plate is completed layer by layer. This is demonstrated by several layers, with clear 
steps at their edge, formed on the surface as shown in Fig. 6-31 a. The growth in this 
direction is considerably slow, which is a major factor contributing to the plate-like 
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morphology of Ag3Sn IMC. The growth of a layer may be completed by the growth at 
its edge, which is possibly still along the direction tangential to the plate. 
Figure 6-32 shows the morphology obtained on the pad at Point C on Curve 1 ( 488 
K), which is between the ideal T m and the actual solidification temperature of 
Sn3.8Ag0.7Cu solder therefore this can present the final morphology of A~Sn plates in 
--.'CH"--
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Fig. 6-31 (a) Ag3Sn fanned at Point B on Curve 1 in Fig. 6-28. (b) Cutting and lifting 
out the tip of Ag3Sn plate. (c) TEM image of the cut tip. (d) and (e) are diffraction 
pattern and EDX at the thinned area, respectively. Points a, band c in (b) and (c) tell the 
relative position of the tip. 
the solder bump. As can be seen, Ag3Sn plates have grown to considerable size at this 
moment. Some plates reach several hundreds of micro-meters, which is comparable to 
the size of the solder bump. Besides the significant growth along its axis, one can see 
the small 'saw-tooth' structure at the edge has grown into large ones. Some of them 
become individual sub-plates. This phenomenon is more pronounced in Figs. 6-34e and 
f, which are also obtained at a temperature below the Tm (Point E on Curve 2). 
Compared with the small size of the 'saw-tooth' structure in Fig. 6-30, which is about 
10 Jlrn wide each, the fonnation of a large one in Figs. 6-32 and 6-34e needs the 
combination of several adjacent 'teeth' with parallel axes. This growth characteristic is 
named combination mode 2 in this section. 
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Fig. 6-32 Surface morphology formed on the pad at Point C (488 K) of Curve I in Fig. 
6-28 
6.2.3 Discussion 
To gain an insight into the formation mechanism of a A~Sn plate, several thermal 
conditions during a reflow are investigated. For instance, the continuous increase of 
temperature to 538 K, the long period of holding the temperature (e.g. 20 mins) and a 
secondary reflow are all adopted in this study. A~Sn plates are only observed at a 
cooling stage. To understand this, a change of solder composition during reflow is 
analyzed. Fig. 6-33 shows the ternary phase diagram for SnAgCu alloy [108] . The 
initial composition of the Sn3 .8Ag0.7Cu solder paste corresponds to Point H in this 
diagram, which is not exactly at the eutectic point. In fact, the precise eutectic 
composition of SnAgCu alloy is not fully identified as discussed in Chapter 1. ln this 
section we assume the eutectic point of the phase diagram (Point 0) to be the true one. 
Since the pad is made of Cu, no other element can be introduced; the solder bump is 
still the SnAgCu ternary alloy during the entire reflow process. Before reaching the 
final cooling stage, the content of Cu continues to increase in the molten solder due to 
the consumption of the Cu pads. Some of Sn in the solder is consumed to form 
interfacial CuSn lMCs before Point G in Fig. 6-28. However, these IMC layers are still 
- 146 -
Chapter 6 Formation of the Microstructure in SnAgCu Solder Bumps on a Cu Substrate 
very thin as shown in Fig. 6-25c. Considering the large amount of Sn in the solder, the 
ratio of Ag/Sn in the molten solder can be assumed to maintain the same (3.8/95.5 in 
weight) as it has originally. If the content ofCu can reach 3wt.% (the right-hand edge of 
the diagram) due to the dissolution, the content of Ag can reduce to 3.71 wt.%, 
accordingly. Therefore the Point I in Fig 6-33 reflects the actual solder composition at 
this moment. Line H-1 represents the change of the solder composition when a small 
amount of Cu, i.e. less than 2.37wt.% (2.37w.t% is the additional Cu content needed to 
reach 3wt.% composition in the solder, ), is introduced. Before reaching the Point Gin 
the profile of Fig. 6-28, the composition of the molten solder evolves from Point H to 
Point I in Fig. 6-33. However, it cannot exceed the solubility of Cu at 518 K (Point J in 
Fig. 6-33). Within the molten bump, a gradient of Cu concentration is expected in the 
NCS direction: the Cu content near the interface is relatively high, which is likely to 
reach the solubility (Point J in Fig. 6-33). 
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Fig. 6-33 Ternary phase diagram for SnAgCu alloy at the Sn rich part (1 08] 
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After the dwell period, solubility of Cu in the liquid decreases during the cooling 
stage. When the temperature reaches the liquid/Cu6Sn5 + liquid interface in the phase 
diagram, Cu begins to precipitate in the form of Cu6Sn5 IMCs: 
L = L + Cu6Sns, ( 6-1) 
where L presents the liquid solder. In this case, the interfacial Cu6Sn5 IMCs grow into 
the molten solder as discussed in Section 6.1.2.2, consuming both Cu and Sn, and 
leading to an increased content of Ag in the solder. Considering the atom ratio and their 
atom weights in Cu6Sn5, the composition of the liquid solder along the interface evolves 
along line J-K in Fig. 6-33. When the composition reaches Point H, A~Sn begins to 
precipitate: 
(6-2) 
When the temperature is further lowered down, the local composition near the interface 
evolves along line K-0 (Fig 6-33). The composition change in the molten in this 
analysis explains the following facts: 
(i) A~Sn IMC plates are only formed under a temperature decreasing condition; 
(ii) Due to the existence of Line J-K in Fig. 6-33, Ag3Sn plates are not formed from the 
beginning of the cooling stage; 
(iii) A~Sn IMCs nucleate predominantly at the pad/bump interface due to the 
composition gradient of Cu in the molten solder; 
(iv) With temperature increase, solubility of Ag in the molten solder increases. Ag3Sn 
IMCs are dissolved in the secondary reflow. 
(v) During long dwell periods, the composition of the molten solder evolves along Line 
0-1. There is little chance to form Ag3Sn IMCs. 
To verify the above, a different temperature profile, Curve 2 in Fig. 6-28, is applied 
to investigate the formation behaviour of Ag3Sn IMCs. Again, Ag3Sn IMCs are firstly 
observed in a middle of the cooling stage, and similar growth characteristics are 
observed in the following cooling stage as shown in Fig. 6-34. 
Eq. 6-2 shows that Cu6Sns and A~Sn IMCs precipitate simultaneously from Point 
K to Point 0 in Fig 6-33. In fact, interfacial Cu6Sn5 IMCs have been formed before 
Points A and D in Fig. 6-28 as discussed in Section 6.1 . It is suggested that A~Sn are 
formed based on the existing Cu6Snslliquid solder interface. Otherwise, these plates 
could have been removed by fast spinning. In Section 6. 1, it has been demonstrated that 
the lattice orientation of interfacial Cu6Sns IMCs is not the same. In this case, even if a 
Ag3Sn plate can nucleate based on a Cu6Sn5 grain and achieve a coherent 
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Fig. 6-34 Formation of A~Sn plates along Curve 2 in Fig. 6-28. (a), (c) and (e) are 
obtained at Points D, E and F, respectively; (b), (d) and (f) are local areas of(a), (c) and 
(e), respectively. 
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Ag3Sn/Cu6Sn5 interface, the lattice orientation of all the plates are still not the same. If 
Ag3Sn plates nucleate in the liquid solder or have inherent heterogeneous nucleation, 
the discrepancy can be even greater. Therefore, Ag3Sn plates are formed in numerous 
orientations as shown in Fig. 6-34c. Orientation of the plate determines how many sub-
plates it can have. As analyzed, there are two preferable growth directions for the plate. 
If one of these directions is parallel or nearly parallel to the Cu substrate, three sub-
plates can be formed on one plate; two of them being directly connected to the Cu pad. 
In other orientations, two sub-plates are formed. This explains why most A~Sn plates 
have two or three plates during their initial and transitional growth stage (Some of these 
features are consumed during a further growth, such as by means of combination modes 
1 and 2). 
To find out the relationship between two preferable growth directions and the lattice 
orientation of the plate, a TEM sample is prepared on the selected plate. Fig. 6-31 
illustrates the morphology and the diffraction patterns. The index in Fig.6-31 d 
identified the lattice orientation of the plate. It shows that one of the preferable growth 
directions is close to the normal to plane (111), and the thickness direction (normal to 
the plate) is close to the orientation [-110]. The diffraction pattern combining with EDX 
analysis, confirms that the plates are Ag3Sn IMCs. 
6.2.4 Summary 
1. Under all investigated temperature conditions, including temperature nse, 
equalisation and secondary reflow, Ag3Sn plates are only formed during the cooling 
stage of reflow. In addition, their nucleation begins from the middle rather than the 
beginning of the cooling stage. 
2 Ag3Sn plates nucleate preferably near the Culmolten solder interface. They can grow 
into the molten solder to several hundreds micro metres. Since they are formed ahead of 
the final solidification for the SnAgCu alloy, they can locate either within a grain or 
cross several grains. 
3. There are two preferable growth orientations in the plate. Their growth rate along th.e 
plate direction is considerably higher than that in the normal direction, resulting in their 
plate-like morphology. 
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6.3 Sn dendrites and SnAgCu eutectics formed in a SnAgCu grain 
during solidification 
In the eutectic SnAgCu alloy, the basic components are Ag3Sn, Cu6Sn5 IMCs and~­
Sn. Under equilibrium solidification, A~Sn and ~Sn5 IMCs are formed in the ~-Sn 
matrix, leading to a uniform eutectic microstructure. In manufacturing processes of 
solder joints in electronics, a relatively high cooling rate is generally applied. In this 
case the alloy system deviates from the eutectic transformation, forming large amounts 
of Sn dendrites. These Sn dendrites are much softer than SnAgCu eutectics [109] 
leading to a considerably heterogeneous behaviour in a single grain due to their large 
size and high volume fraction [11 0] . This non-uniform intragranular behaviour is 
essential for small solder joints in electronic packages since an individual joint contains 
only one or few grains [18, 78]. In addition, the mechanical behaviour of a SnAgCu 
grain strongly depends on its local lattice parameters as discussed in Chapter 4 and 
[ 111). Therefore, it is important to properly characterize the grain and intragranular 
substructure. With this aim, the formation behaviour of a SnAgCu grain during non-
equivalent solidification is investigated in this Section. The nucleation and growth of 
both Sn dendrites and SnAgCu eutectics and their interaction during the PT are 
discussed. 
6.3.1 Experiments 
The most common method to characterize the morphology of certain 
microstructural features in an alloy is by means of deep etching [112). This approach 
was applied to characterize A~Sn IMCs in eutectics in this Section. However, in the 
SnAgCu grain, both dendrites and the matrix of eutectics are made of ~-Sn . During an 
etching process, they are generally removed or maintained simultaneously, which 
makes it difficult to identify their original morphology. In addition, all the 
microstructural features in an alloy are packaged together after solidification. It is 
considerably difficult to investigate their formation behaviour during the PT. To solve 
these difficulties, Mathiesen, Yasuda and Li et. al proposed to use X-ray radiography to 
study the formation behaviour of a solid phase out of the liquid alloy due to the 
different penetrating ability of X-rays through the solid and the liquid [ 113-117). Using 
this method, they successfully observed the formation of dendrites from liquid Sn-based 
and Al-based alloys. To further characterize the surface of dendrites and eutectics and 
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study the growth preference with regard to the internal lattice orientation of the 
involved crystals, the same method as in Section 6.1 was applied to capture liquid-to-
solid PT in this Section. Fig. 6-35 presents the applied temperature profile. It is the 
same as Curve 1 in Fig. 6-5 but focuses on its cooling stage. It shows that the 
temperature decreases at the beginning of the cooling stage. When PT occurs in a bump, 
the temperature increases again due to the released heat. The temperature variation can 
be captured by the thermal couple, which is inserted into a PCB sample and underneath 
the solder bump. At the moment of PT, the high-speed drill is triggered. The remaining 
liquid solder is driven away due to centrifugal forces, leaving the solid reactant. By 
spinning at different moments in the temperature increasing process, it is possible to 
present the entire liquid-to-solid PT process. The solder material investigated is a 
eutectic Sn3 .8Ag0.7Cu (by weight) solder paste. 
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Fig. 6-35 Temperature profile of a solder bump during the cooling stage of reflow. The 
undercooling is about 1 0 K. 
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6.3.2 Results 
The first bump was rotated at the beginning of the heat release (Point A in Fig. 6-
35); the respective image is given in Fig. 6-36a. It shows that there is an oxidized layer 
on the surface of the bump, and part of this layer is broken. Under the oxidized layer, a 
large amount of Sn dendrites are distributed inside the bump, indicating that this is a 
semi-solidified stage. Obviously, the space between dendrites is filled with the liquid 
solder before rotation. This remaining liquid is spun away from the bump through the 
broken oxidized layer. Therefore, Sn dendrites are the primary phase in the non-
equilibrium solidification of the SnAgCu alloy. Considering the fact that the lattice of a 
Sn dendrite is consistent with that of the ~-Sn matrix of adjacent eutectics [18, 78], it is 
suggested that primary Sn dendrites act as a nucleus for SnAgCu grains. During 
solidification, ~-Sn nucleates in the liquid solder. Under the non-equilibrium condition, 
it grows considerably quickly, forming large-sized dendrites. Afterwards, SnAgCu 
eutectics are formed from the existing nuclei of Sn dendrites, resulting in intra-crossing 
morphology of dendrites and eutectics within the grain. In this case, not only the 
substructure, but also the size of SnAgCu grains is predominantly controlled by Sn 
dendrites. Apparently, the size of an individual Sn dendrite can reach several hundreds 
micrometers. This phenomenon explains why a SnAgCu grain can have a large size, 
and, consequently, why a solder joint contains only a few grains. The consistent lattice 
between Sn dendrites and the ~-Sn matrix means that the orientation of SnAgCu grains 
is determined by that of the initial dendrites at the moment when Sn dendrites are fixed 
in the liquid solder. For instance, it is the cases when a dendrite grows large enough not 
to move and rotate or nucleates based on an existing solid surface. Fig. 6-37 presents 
the later case. Some Sn dendrites have nucleated on the oxidized layer. In fact, it is 
found that Sn dendrites can also nucleate on pre-existing A~Sn plates and large Cu6Sn 
IMCs. These behaviours are linked to the lower nucleation energy, which leads to 
relatively low undercooling (about I 0 K as shown in Fig. 6-35). The heterogeneous 
nucleation demonstrates that there is a strong interaction between microstructural 
features when they are formed during non-equivalent solidification. In addition, the 
miniaturized joint can provide a large surface/volume ratio, which facilitates 
heterogeneous nucleation. In other words, the size of the joint has an effect on the local 
microstructural features. 
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Fig. 6-36 Sn dendrites formed in a Sn3.8Ag0.7Cu solder bump at Point A in Fig. 6-35: 
(a) entire bump; (b) local area. 
Fig. 6-3 7 Heterogeneous nucleation of Sn dendrites on the inner surface of the oxidized 
layer 
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To further investigate parameters of Sn dendrites, a selected one is focused on and 
presented in Fig. 6-36b. It can be seen that the size of the dendrite is large (more than 
500 )..tm) in the horizontal direction, which is considered as the major growth direction. 
ln this direction, the dendrite can be divided into two parts according to its diameter: the 
main body of the dendrite and the tip. In the main body, there is a long spine in the 
centre along the dendrite's major growth direction, the diameter of which is about 50 
Jlm. In the direction normal to the spine, secondary arms grow from the spine. While 
the size of secondary arms varies, some of them seem to grow in the same direction as 
seen in Fig. 6-36b: from secondary-arms 1 to 10. Regarding the tip of the dendrite, its 
diameter, which is normal to the major growth direction, reduces gradually and finally 
ends in a sharp tip as shown in Figs. 6-36a. An interesting observation is that the tip 
does not grow straightforward but turns downward. Looking at the entire bump in Fig. 
6-36a, it is obvious that the front tip is close to the surface of the bump. It is suggested 
that the growth of the Sn dendrite is limited by the boundary of the bump. ln other 
words, the morphology of a bump, e.g. , its shape and size, influences the growth 
behaviour of dendrites and, consequently, the substructure in a grain. 
The surface of dendrites is the interface between the solid and liquid during 
solidification. It provides original information on the PT. To explore this, a TEM 
specimen is prepared in the tip of a dendrite as shown in Fig. 6-38. Note that this bump 
is a different one from that in Fig. 6-36. The diffraction pattern and EDX on TEM 
confirms that the investigated structure is P-Sn single crystal. The diffraction pattern 
also shows that [11 0] direction is close to the preferable growth orientation of this Sn 
dendrite. 
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(c) 
Fig. 6-38 TEM specimen on the tip of a ~-Sn dendrite: (a) large area; (b) local area; (c) 
TEM image; (d) diffraction pattern. 
To study the following PT, a bump is rotated at Point B in Fig. 6-35, which is close 
to the end of the temperature increase stage; Fig. 6-39a presents the solder obtained 
bump. It can be seen that most of the bump has became solid, indicating that the 
solidification is close to the end. Fig. 6-39b presents a local area of Fig. 6-39a; it shows 
that dendrites are extruded from the relatively flat surfaces. In fact, Sn dendrites are 
formed ahead as demonstrated in Fig. 6-36; relatively flat surfaces at the bottom of, or 
between, dendrites are undergoing active growth. Comparing with the microstructure of 
a fully solidified solder as shown in Fig. 5-12 and considering relative locations of each 
component, these surfaces reflect the growth behaviour of SnAgCu eutectics; they are 
the interface between eutectics and the liquid solder. Fig. 6-39c focuses on a local area 
of these surfaces. It can be seen that the eutecticslliquid interface is not flat at the micro 
scale. A large amount of micro needles are distributed with their tips extruding towards 
the liquid. Diffraction pattern with EDX on TEM shows that these needles are Ag3Sn 
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IMCs. This indicates that Ag3Sn IMCs are formed ahead of the Sn matrix in the 
coupling process to generate eutectics. To investigate the growth behaviour of these 
Ag3Sn IMCs, a cross-section is prepared on the surface of eutectics as shown in Fig. 6-
40b. It can be seen that A~Sn has fiber morphology in the Sn matrix, the longitudinal 
direction of which is close to the normal of the solid/liquid interface. The length 
direction is the preferable growth orientation of these fibres. To characterize these 
A~Sn fibres, a fully solidified specimen is prepared with deep etching. By removing 
Sn dendrites and the Sn matrix, Ag3Sn fibres in eutectics are presented as shown in Fig. 
Fig. 6-39 Sn dendrites and SnAgCu eutectics formed in a Sn3 .8Ag0.7Cu solder bump at 
Point Bin Fig. 6-35: (a) entire bump; (b) local area; (c) surface of eutectics. 
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(b) 
Fig. 6-40 SnAgCu eutectics and grain boundaries formed in a Sn3.8Ag0,7Cu solder 
bump at Point Bin Fig. 6-35: (a) large area; (b) cross section on the surface of eutectics; 
(c) TEM image of a specimen, which is prepared on the cross-section in (b); diffraction 
pattern on the ~-Sn matrix (d), A~Sn IMCs (e) and ~-Sn/ Ag3Sn interface (f). 
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6-41. It can be seen that the length of these Ag3Sn fibres can be more than 100 J..Uil, and 
that they are orderly distributed: these fibres are orientated nearly in the same direction. 
To explore the formation behaviour of this regularity, a TEM specimen is prepared on 
the cross-section in Fig. 6-40b and presented in Fig. 6-40c. Diffraction analysis is 
performed on the TEM specimen. It confirms that an individual A8JSn fiber is a single 
crystal by achieving the same diffraction pattern at different sites of one fiber. An 
interesting phenomenon is that all the analysed Ag3Sn fibres have a similar lattice 
orientation. In addition, it is found that the lattice orientation of A8JSn fibres have some 
relation to that of the ~-Sn matrix as demonstrated by diffraction patterns in Figs. 6-40d, 
e and f: plane (02-1) and direction [ -112] in A8JSn fibres have the same orientation as 
that of plane (001) and direction [011] in the ~-Sn matrix, respectively. The index in 
Fig. 6-40e also shows that the length (or preferable growth) direction of A8JSn fibres is 
close to the one, which is normal to direction [-112] and parallel to plane (02-1). There 
are three major factors that determine long, parallel, and fiber-like morphology of 
Ag3Sn in eutectics: (i) they achieve the similar lattice orientation during nucleation, 
which provides the same anisotropies and the subsequent parallel growth; (ii) these 
A8JSn IMCs have one preferable growth orientation, resulting in the fiber morphology; 
Fig. 6-41 A8JSn fibres formed in SnAgCu eutectics of a fully solidified bump. This 
specimen is achieved by deep etching. 
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(iii) A~Sn IMCs are formed ahead of the P-Sn matrix that provides the chance for them 
to grow long. Since A~Sn IMCs are formed earlier during the coupling process, their 
growth predominantly determines the movement of the eutectics/liquid interface. When 
two eutectics/liquid interfaces from different grains meet each other, a grain boundary 
is formed. Fig. 6-40a captures the formation behaviour of such a grain boundary. At this 
moment, the formation of the grain is close to the end. 
6.3.3 Summary 
(I) Under non-equilibrium solidification, Sn dendrites are the primary phase for the 
SnAgCu eutectic alloy. They form the core of SnAgCu grains during the PT. Their 
lattice determines the orientation of the final SnAgCu grains. The size of a Sn dendrite 
can reach hundreds of micro-metres, which predominantly results in formation of a 
large SnAgCu grain. 
(2) Eutectics are formed after, and from, Sn dendrites in the SnAgCu grain. 
(3) Ag3Sn IMCs in eutectics have long fibrous morphology. They are formed ahead of 
the Sn matrix in the coupling process to generate eutectics. In addition, Ag3Sn fibres in 
eutectics have the same crystal orientation; their lattice has some relation to that of the 
Sn matrix. 
(4) At the end of the liquid-to-solid PT, eutectics of different grains meet together to 
form grain boundaries. 
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Chapter 7 Multi-scale Modelling of Mechanical Behaviour of 
SnAgCu Solder Joints in Flip Chip 
Miniaturisation of SnAgCu solder joints for electronic packages results in a 
diminishing number of grains within a single joint, sometimes down to only one or two 
grains per joint. ln such cases, the deformation behaviour of solder joints cannot be 
modelled as purely isotropic due to the direct effects of their microstructure. Moreover, 
the crystal structure of P-Sn (matrix of SnAgCu eutectics and Sn dendrites) is a 
contracted version of a cubic diamond, leading to a BCT structure that enhances this 
non-uniform character. These factors affect the nature of creep and consequently 
determine the reliability of solder joints for electronic packages. In this chapter, a CP 
model is developed to capture the anisotropic behaviour of SnAgCu solder joints for 
single-, bi- and multi-crystalline formulations. In order to simulate the responses of 
solder joints in a FC package, a multi-scale FE model is implemented. In a global 
model, the responses of joints in the FC package are simulated. Then, results for 
displacements are adopted in a sub-model for a single joint. The results obtained are 
compared with those based on traditional isotropic constitutive descriptions. 
7.1lntroduction 
As reviewed in Chapter 1, FC technology has been identified as one of the promising 
routes for interconnections in next-generation electronics, because it can provide high 
numbers of VOs due to its surface mounting character. However, the size of solder 
joints in FC packages is one of the smallest among all electronic packages, and 
therefore, its interconnections are expected to be the first to meet with problems due to 
the size effect. Currently in commercial applications, the size of solder joints has been 
miniaturized to a scale less than 100 ~- In research a laboratory, solder bumps with a 
size below 50 )lm are under development, as shown in Fig 1-2. At such a small scale, 
the dimensions of a joint are comparable with the characteristic size of microstructural 
features in the solder. A solder joint may contain only one or a few grains. In Chapter 4, 
it was demonstrated that the inelastic behaviour of a SnAgCu grain is highly dependent 
on its local lattice. Based on this finding, a CP model is established for micro-joints of 
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the SnAgCu solder in this Chapter. In this model, the creep strain is defined as a sum of 
all component strains of the activated slip systems, which are controlled by the resolved 
shear stress on the corresponding slip plane. This constitutive equation is implemented 
by means of the subroutine Umat in commercial finite element software ABAQUS, and 
adopted for joints of a FC package, as shown in Fig. 7-1, in cases of single-, bi- and 
multi-crystalline formulations. Considering the nature of single-crystal behaviour, a 3D 
model is necessary in order to adequately describe the joint. However, most FE models 
used to study reliability of a whole electronic package are formulated in 20. One reason 
for this is that a typical electronic package requires a large number of elements to 
describe its structure, thereby increasing computational demands on calculation 
hardware, especially for visco-plastic analysis, which requires small time increments to 
ensure computational stability. Another reason is that the geometry of most electronic 
packages is rather complicated for simple meshing. To overcome these problems and 
ensure that discretization is fine enough for the studied joint, the idea of a sub-model is 
adopted. In the global model, a coupled thermo-mechanical analysis is performed in 2D 
to determine the response of solder joints in the package to the thermal cycling load. 
Subsequently, the calculated displacements of driven nodes are mapped onto the sub-
model (a 3D solder joint with the user-defined constitutive model) as respective 
boundary conditions. Hence, the behaviour of the micro-joint under the thermal cycling 
load can be simulated. 
(a) (b) 
)~ )_ 
3 
Fig. 7-1 Structure of the FC package: (a) silicon chip with solder bumps; (b) silicon 
chip mounted on the substrate. 
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7.2 Crystal plasticity model for SnAgCu solder 
7.2.1 Crystal features of a SnAgCu grain 
In a SnAgCu grain, Sn dendrites and the matrix of SnAgCu eutectics have the same 
lattice orientation, and therefore, compose a single crystal. This ~-Sn single crystal has 
the same size as that of, and forms a large volume fraction of, the grain, which plays a 
dominant role in the mechanical behaviour of the grain. Most of anisotropic 
characteristics of the ~-Sn single crystal can be linked to those of the SnAgCu grain. 
Therefore, crystalline features of SnAgCu solder are mainly determined by the lattice 
parameters of~ Sn. The unit cell of~ Sn have the BCT structure, which is composed of 
a contracted diamond cubic as shown in Fig. 4-2. The potential slip systems of this cell 
are listed in Table 7-1, which are arranged in the order of increasing difficulty to be 
activated. Besides the listed slip systems, (001)[100] and (001)(010] are included in this 
study. To facilitate the connection between the global model and sub-model accounting 
for different grain orientations, global coordinates are adopted at both levels while 
definition of grain orientation is implemented in local coordinates. 
The relationship between the global and local coordinates is defined as: 
(7-1) 
where a is the vector in global coordinates, b is the vector in local coordinates and {a t, 
a 2, a 3} is a transformation matrix. Here a ~, 3 2 and 3 3 are three unit vectors that describe 
axial vectors of local coordinates in global coordinates. It is known that the orientation 
of a grain is uncertain in an arbitrary solder joint. For the time being, we want to predict 
the effect of the grain orientation on the mechanical behaviour~ three typical 
orientations for grains, which are vertical to each other, are adopted. Their orientation in 
the global coordinates is shown in Fig. 7-2. 
Table 7-1 Potential slip systems in~ Sn (119] 
(100)[001] (010)(001] (110)[001] (-110)[001] (100)[010] 
(01 0)[1 00] (110)[1-11] (110)[1-1-1] (-110)[111] (-110)(11-1] 
(101)[10-1] (10-1)(101] (011)[0-11] (01-1)(011] 
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(a) (b) /'b 
c 
(c) c 
a 
Global coordinates 
Fig. 7-2 Local crystal orientation in global coordinates: (a) Type 1; (b) Type 2; (c) Type 
3. 
7.2.2 Constitutive equations 
Generally, the creep behaviour of SnAgCu solder is interpreted in terms of two 
mechanisms. Under relatively low stresses, it is predominantly controlled by VD. In the 
contrary condition, it is mainly controlled by the MD. In an accelerating reliability test 
by thermal cycling or thermal shock, the loading amplitude and rate of joints are 
considerably high. Ln these cases, the inelastic behaviour of SnAgCu solder will be 
determined by the latter mechanism, and therefore can be simulated within the 
framework of CP. 
In most thermo-mechanical studies, the total strain can be divided into elastic, 
inelastic and thermal components. For simplicity at the current stage, the thermal strain 
in the single crystal model is neglected, and the total strain Etotal is defined as a sum of 
elastic strain €e and creep strain ec: 
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(7-2) 
Following Hooke's law, the stress rate is expressed by Eq. 2-45. The present studies 
assume that the crystal elasticity is isotropic so that the model mainly investigates the 
anisotropic inelastic behaviour due to the non-uniform distribution of slip systems 
within a grain. Accordingly, the fourth-order elastic stiffness tensor C in Eq. 2-45 can 
be described: 
(7-3) 
where G is the shear modulus, A. is the Lame's constant, ~k is the Kronecker symbol 
and i, j , k, I = l, 2, 3. The evolution of creep strain is controlled by the sum of shear 
creep rate of each slip system: 
N 
Ec =I r k s k ' (7-4) 
k=l 
where N is the number of slip system, 'h is the scalar shear strain rate of the !(h slip 
system and sk is the Schmid tensor in Eq. 2-47. The shear strain rate is a function of the 
resolved stress on the slip system, temperature and hardening variables. Taking the 
concept of steady-state creep, the effect of hardening is not considered, and the creep 
stress is expressed in the form of hyperbolic sine law: 
i', = A, sinh (<.)" exp ( - ;~} (7-5) 
where Ak is a constant, n is a stress exponent, Qk is the activation energy and 'Z'k is the 
resolved shear stress on the slip plane in the slip direction as expressed in Eq. 2-50. Ak 
and Qk should have different values in different slip systems. In order not to introduce 
too many unknown parameters, this difference is neglected in the present study. Note 
that the effect of rotation is not accounted for m this CP model as the deformation of 
solder joints is considered to be small. 
7.3 Simulation procedures 
A shell-to-solid type of sub-model is applied in this study. Details of this approach 
can be found elsewhere [120]. In the global model, the traditional 20 method is used to 
study the reliability of an electronic package. The modelled area is a middle section of 
the package normal to direction 3 in Fig. 7-l(b). Half of this package is selected due to 
its symmetry, and a symmetric boundary condition is applied to the symmetry axis. A 
thermal cycling load in the interval from 273 K to 373 K, with the heating and cooling 
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rate of 10 K/s, is applied. The initiate temperature of the thermal cycling load is 298 K. 
Figure 7-3 shows the modelled temperature evolution. The cyclic temperature is 
imposed onto the whole package directly because the size of the package is very small, 
resulting in a similar temperature in all areas. While each solder joint has its own crystal 
features, their total contribution to the response of the whole package can be considered 
as quasi-isotropic, due to their large number and the arbitrary character of grain 
orientation in each joint. Hence, creep in SnAgCu solder is still described by the 
hyperbolic sine law obtained from bulk specimens, Eq. 2-6, where c, = 7.9251 X 105' c2 
= 3.56xlo-2, n = 6, Q1 = 67.9 kJ/mole, R = 8.314x10-3 kJ/mole [121]. Other material 
parameters for solder joints, the substrate and silicon chip are taken from [121, 122]. 
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Fig. 7-3 Temperature change in the package during the first thermal cycle. The initial 
temperature is 298 K. 
In the sub-model, a 3D model is built for a single joint at the corresponding position 
where solder joints are considered in the global model. During analysis of the global 
model, displacements of the top and bottom surfaces of the solder are obtained. They 
are interpolated for joints, with a user-defined constitutive model, as boundary 
conditions for analysis of the sub-model. In this manner, the loading of the sub-model 
accounts for effects of both package structure and thermal cycling. It is worth noting 
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here that only displacements in the directions 1 and 2 (Fig. 7-1) are applied in the sub-
model. 
7.4 Results and discussion 
7.4.1 Deformation and stress analysis of the global model 
As the CTE of the substrate ( 16x 1 o-6K 1) is much higher than that of the silicon chip 
(2.8xl o-6K-1), when temperature increases, expansion of the substrate is larger than that 
of the chip. To ensure the integrity of the package under this condition, the package, 
including solder joints, will deform predominantly in shear as shown in Fig. 7-4a. At 
this stage, the silicon chip is in the tensile state while the substrate is in compression in 
direction 1. Warpage of the package takes place under this condition to release a part of 
local stresses. When temperature decreases, deformation of the package shows an 
opposite trend as shown in Fig. 7-4c. Figure 7-5 illustrates the displacement difference 
between two points, one on the top surface and another on the bottom surface of solder 
joints. The results show that both shearing (difference in direction 1, Fig. 7-1) and 
opening (difference in direction 2) take place in joints, but the former is the dominant 
deformation mechanism. It is easy to appreciate that shearing of the first joint from the 
right-hand edge of the package is larger than that of the second one. However, the 
opening displacement demonstrates the opposite trend due to the shape of joints and 
structure of the package. In fact, the first joint is in the compressive state while the 
second one is in the tensile state in this study. Note that the opening resulted from both 
thermal expansion of joints and the stress state, with the former playing a major role. 
Therefore, the opening force has a shape similar to that of the temperature curve, while 
the specific difference depends on the stress state that each joint undergoes. 
Shearing depends not only on temperature, but also on the inelastic behaviour of the 
joints. When temperature increases, shearing speeds up as the creep rate increases. The 
shearing process continues even after the temperature reaches the maximum value ( 450 
s, 373 K) because the state of stresses can still yield the same inelastic deformation as at 
the previous stage. Afterwards, shearing begins to decrease but increases again 
immediately from the lowest temperature (1050 s, 273 K) when inelastic behaviour 
ceases to dominate. Due to large accumulation of creep strain at high temperature, the 
shape of joints would not resume to its initial state. This delayed response will lead to a 
stable hysteretic loop for solder joints after several cycles. 
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Fig. 7-4 Distribution of equivalent stress (MPa) and deformation of the global model: (a) 
373 K, 450 s; (b) 298 K, 900 s; (c) 273 K, 1050 s; (d) 298 K, 1200 s. 
Figure 7-4a also shows a distribution of the equivalent stress in the package at 
maximum temperature. It is obvious that stresses concentrate at solder joints and the 
adjacent area due to the mismatch in material properties. The highest stress 
concentration does not occur in joints because creep can release some stress. When the 
temperature decreases to the initial value, the thermal stress vanishes, and the previous 
creep strain results in the residual stress in joints as shown in Fig. 7-4b. When 
temperature decreases further, elastic deformation dominates, resulting in the large 
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stresses in joints as shown in Fig. 7-4c. Since the creep strain during the second half 
cycle has an opposite direction to the first half cycle, a part of residual stresses is 
released. Thus stresses in Fig. 7-4d are less than that in Fig. 7-4b. From analysis of 
deformation above and as shown in Fig. 7-4, the joint closest to the right-hand edge of 
the package undergoes the largest stresses and deformation, and therefore is most 
critical in terms of reliability for the entire package. Hence, the sub-model analysis will 
focus on this joint in the study discussed below. 
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Fig. 7-5 Displacement difference of points on the top and bottom surfaces of the first 
and second joints from the right-hand edge ofthe package (Fig. 7-4). All points are in 
the middle of the surfaces as shown in Fig. 7-5. 
7.4.2 Sub-model based on hyperbolic sine law 
In this section, the same hyperbolic sine law as used in the global model is applied in 
the sub-model of a joint and the general reliability analysis of the selected solder joint is 
performed. Figures 7-6 and 7-7 show the distribution of the equivalent stress at 
maximum and minimum temperatures, respectively. The results show that stresses 
concentrate at the interface between the joint and the substrate or silicon chip and that 
the highest stress concentration takes place at the edge of the interface. This trend of 
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stress distribution mainly arises from the shape of solder joints. As the smallest cross 
sections normal to direction 2, these two interfaces undergo the largest stresses during 
deformation. At the same time, the edges near the interfaces which usually have a sharp 
angle can result in significant stress concentration. In fact, the experimental results have 
shown that the damage usually initiates from these edges, leading to the crack 
propagation along the interface during thermal cycling. Hence, the stress and strain 
responses of these edges are very important and used to predict the fatigue life of joints. 
Figures 7-8 and 7-9 present the equivalent stress and creep strain accumulation at the 
most critical po int on these edges during the whole cycle. It can be seen that the stresses 
increase with time at the beginning when temperature is low. At this stage, the creep 
strain is close to zero, indicating that the deformation behaviour is mainly governed by 
the elastic response. Then, the stresses begin to relax as the temperature increases and 
creep dominates at this stage, as shown in Fig. 7-9. When temperature starts to decrease, 
the stress relaxation accelerates. This trend is mainly due to reduction of elastic strain. 
In Figure 7-9, the creep strain changes slightly during this period, forming a plateau. 
The subsequent rapid increase in stresses also follows the same pattern. Afterwards, the 
stresses increase at a slow rate as a combined result of both elastic deformation and 
slow creep until the temperature reaches the minimum value. The stress and strain 
response in the remaining part of the cycle is mainly controlled by the elastic behaviour, 
which has the same mechanism as the one responsible for the first plateau in Fig 7-9. In 
the following cycles, stress and strain responses are slightly different from the first 
cycle as they are superimposed onto the previous cycles. However, they usually reach a 
stable stage after four cycles. Hence, no results from further cycles are necessary for our 
analysis. 
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Fig. 7-6 Distribution of equivalent stress (MPa) in a single joint with traditional 
isotropic constitutive model at 373 K, 450 s 
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Fig. 7-7 Distribution of equivalent stress (MP a) in a single joint with traditional 
isotropic constitutive model at 273 K, 1050 s 
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Fig. 7-8 Equivalent stress curve for Point C in Fig. 7-6 for the first thermal cycle 
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Fig. 7-9 Creep accumulations for Point C in Fig. 7-6 during the first thermal cycle 
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7.4.3 Sub-model based on single crystal 
In the present study, three types of lattice orientation, as shown in Fig. 7-2, are used 
to analyze the effect of grain orientation on the mechanical behaviour of solder joints in 
the case of a single-crystal joint. They are referred to as Type 1, Type 2 and Type 3, 
respectively. Figure 7-10a presents the distribution of equivalent stress in the single-
grain joint of Type 1 when the temperature reaches 373 K. Similar to the results based 
on the traditional constitutive equation (Fig. 7 -6), stresses still concentrate at the 
interfaces, with the highest stress levels occurring near the edges at these interfaces. 
This indicates that the shape of the joint is still the major factor that influences its stress 
state. However, the stress gradient in the high-stress region is much higher than in the 
case without accounting for grain orientation. This difference stems from the different 
strain behaviour of the single crystal and polycrystal. In the single crystal, inelastic 
strains predominantly occur in certain slip systems, and the directions of the creep strain 
rate and stresses do not coincide. As a result, it is difficult to release stresses in some 
directions. Moreover, the higher the stresses the higher the residual stress that remains. 
This leads to localization of stress concentration at a very small area, as shown in Fig. 
7-1 Oa. In the polycrystalline bulk specimens, the mechanical behaviour is determined 
by grains with various orientations, resulting in quasi-isotropic properties. Under 
loading, the creep rate is proportional to the deviatoric or shear stresses. In another 
words, the mechanical behaviour of a polycrystal is equivalent to that of a single crystal 
with an infinite number of slip systems, which are randomly oriented in all possible 
directions. Hence, the high value of stresses is readily released, leading to low stress 
gradients. Figs. 7-11 a and 7-1 2a, giving distributions of the equivalent stress for Type 2 
and Type 3 joints, show the same trend as Fig. 7-1 Oa, but the respective magnitudes of 
stresses are different. For Type 3, the shearing deformation of the joint can activate less 
slip systems, therefore leading to the highest stress. While Type 2 has activated more 
slip systems than Type 1, the slip systems (110)(1-11], (110)(1-1-l], (-110)[111], (-
11 0)[ 11-1 ], (1 01 )[ 1 0-1 ], ( 10-1 )[ 101] are more effective in Type 1 because the unit cell 
of ~ Sn is tetragonal with a > c. Hence, the equivalent stress in Type 2 is the lowest but 
close to that of Type 1. 
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Fig. 7-10 Stress distributions in a single-crystal joint of Type 1 (see Fig. 7-2): (a) 
equivalent stress; (b) shear stress 'Zh; (c) shear stress -r-13; (d) shear stress -r23 (all in MPa). 
- 175-
Chapter 7 Multi-scale Modelling of Mechanical Behaviour ofSnAgCu Solder Joints in Flip Chip 
Figs. 7 -I 0 b-d, 7-11 b-d and 7 -12b present the distribution of shear stress -r-1 2, -r-1 3 
and 1"23 for three types of grain orientation. Being opposite to the direction of shearing 
deformation, -r-12 1s the main source of V on Mises equivalent stress, and it is larger than 
the values of r13 and r23• It can be seen that the distribution of shear stress 'r1 2 shows the 
same trend in all the three cases; and that the magnitude of the stress corresponds to the 
difference in their equivalent stress. The distribution of -r-13 and 1"23 for Type 1 differs 
from that for Type 2. Interestingly, -r-13 for Type 1 and -r-23 for Type 2 demonstrate a 
similar distribution, and the position of the maximum stress corresponds to that of the 
maximum equivalent stress. It is also found that -r-13 in Type 1 and 1"23 in Type 2 have 
the same crystal orientation as 't"ab in local coordinates, which is more difficult to be 
activated than 't"ac and 't"bc· This indicates that the mechanical behaviour of the single-
crystal joint of SnAgCu solder is highly sensitive to its orientation, and the stress 
concentration in the joint is mainly determined by the orientations that activate fewer 
slip systems. 
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Fig. 7-11 Stress distributions in a single-crystal joint ofType 2: (a) equi valent stress; (b) 
shear stress Z't2; (c) shear stress 'Z"1 3; (d) shear stress 'Z"23 (all in MPa). 
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Fig. 7-12 Stress distributions in a single-crystal joint of Type 3: (a) equivalent stress; (b) 
shear stress r1 2 (all in MPa). 
7.4.4 Sub-model witb bi- and multi- crystal 
In case of a hi-crystal, the solder joint is divided into two grains as shown in Fig. 7-
13a. Different orientations can be modelled in each grain, for instance, one part being of 
Type 2 while another of Type 3. The effect of grain boundary is neglected, which 
assumes the two grains to be ideally connected crystalgraphically. In case of a multi-
crystal , three types of orientations in the solder joint are randomly assigned to each 
element as shown in Fig 7-13b, where different colours are used for these three types. 
Fig. 7-14 shows the equivalent stress distribution in the hi-crystal and muti-crytal joints 
at 373 K. Obviously, the stress distribution is similar to that of the single crystal without 
significant hardening due to a decrease of grain size. This can be due to the fact that 
different grains are ideally connected each other in the model without considering the 
grain boundary effect. The stress distribution is different in each grain of the hi-crystal 
joint, nevertheless, there is no obvious difference observed in the multi-crystal joint. 
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(a) (b) 
2 2 
t-· t-· 
Fig. 7-13 Distribution of grains in cases of hi-crystal and multi-crystal joints: (a) hi-
crystal; (b) multi-crystal. Blue, green and red colours represent orientations of Type 1, 2 
and 3 (see Fig. 7-2), respectively. 
According to three cases of single-crystal joints, the SnAgCu solder joint exhibits 
different mechanical behaviours compared to the response of bulk alloy specimens 
when the joint is so small that it only contains a few grains. At the micro-scale, the 
structure of the electronic package, including the geometry of joints, is still a major 
factor that determines its reliability. However, the distribution and magnitude of 
stresses also depend on crystalline features, e.g., grain orientation. The joints with 
different crystalline orientations have similar distributions of the equivalent (V on Mises) 
stress, which may arise from the assumption that Ak and Qk have the same value in all 
slip systems. But stress components are different in them. It is known that the stress 
state (opening and shearing) has a significant effect on the damage behaviour of the 
joint interface. Therefore, crystalline features of SnAgCu solder micro-joints influence 
their reliability in the package. 
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Fig. 7- 14 Distribution of equivalent stress (MPa): (a) hi-crystal; (b) multi-crystal. 
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7.5 Summary 
In this chapter, a CP model is proposed for a SnAgCu grain and implemented in 
micro joints of a FC package. In order to simulate the behaviour of solder joints under 
thermal cycling load, a sub-model method is implemented. The results show that: 
l. The shape of solder joints is still the major factor that determines the distribution of 
stresses in a micro-joint in cases of the single, bi- and multi-crystal microstructures. 
2. The gradient of the equivalent stress in the CP model is larger than that for the 
traditional isotropic model. 
3 The stress state is sensitive to grain orientations, and therefore joints with different 
crystalline features would have different fatigue lives. 
4 The sub-model is suitable method to study the reliability of micro-joints in electronic 
packages because: (i) the joint size is small compared with the entire package, but the 
geometry of joints is a key factor, requiring a large number of elements to properly 
depict its shape; (ii) a global model for the entire package can be used for joints with 
arbitrary crystalline features, reducing a large amount of calculation time. For instance, 
only one global model analysis was required in this study. 
In the proposed model, the following parameters are required to establish the 
linkage to the modelling work in this chapter and the requirements of further 
experimental validation: 
i) the elastic tensor C in Eq. 7-3. 
ii) the stress exponent n, thermal activation energy Qk and constant Ak for each slip 
system in Eq. 7-5. 
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Chapter 8 An Enhanced Mesomechanical Modelling of SnAgCu 
Solder Joints 
ln Chapter 7, a CP model, which is based on dislocation sliding in certain slip 
systems, was developed to describe a local lattice-induced anisotropic behaviour. 
However, even at the room temperature, the MD is not the only mechanism of inelastic 
behaviour tn eutectic SnAgCu solder due to its low melting point. Under low-
magnitude loading conditions, creep also has an effect due to VD. At high temperatures, 
this creep can become the dominant mechanism of inelastic behaviour, diminishing the 
adequacy of the CD model. This chapter addresses the creep component of VD 
deformation and unites it with the traditional CP model. In addition, deformation due to 
thermal expansion is introduced into the constitutive equation to capture the major 
mechanisms of the mechanical behaviour of SnAgCu solder micro-joints used in 
electronics. 
8.1 Introduction 
Generally, a CP model, which is based on dislocation sliding in certain slip systems 
of an alloy, is used to describe the plastic behaviour of a crystal. However, the T m of 
most solder materials for electronics is relatively low. For instance, the room 
temperature (298 K) is approximately 0.6T m of SnAgCu eutectic alloy. In this case, the 
major inelastic deformation mechanism of a solder crystal is creep rather than plasticity. 
For most metals and alloys, there are two basic mechanisms that contribute to creep 
[123]: MD and CD. These mechanisms are usually characterized by the stress exponent 
and activation energy in the power-law constitutive equation. SnAgCu solder has 
different magnitudes of stress exponents at different stress regions [ 121]. Figure 8-1 
gives a typical relationship between a creep strain rate and stress for SnAgCu solder at 
different temperatures. At high stress levels, where the power law is characterised by a 
high stress component, creep due to MD is considered as the dominant mechanism and 
therefore can be described by a modified CP model established in Chapter 7. However, 
in the low-stress region with a low stress exponent, the dominant creep mechanism is 
VD, the movement of which is directed by stresses rather than sliding in slip systems. 
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Both mechanisms can have an effect in electronics due to inevitable variations of 
temperature and a subsequent change of loading conditions caused by the mismatch of 
CTEs. Therefore, the traditional CP model is not adequate for the mechanical behaviour 
of a SnAgCu micro joint comprised of a few grains. 
£ 
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"' Oil 
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.....l 
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- VD 
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Low temperature 
Log stress 
Fig. 8-1 Relationships between creep strain rate and stress for SnAgCu solder 
Besides elastic and inelastic defonnations, another fundamental behaviour of solder 
materials in electronics is thermal expansion due to temperature variations in a package 
during its service or a thermal cycling test. For the micro joint, it is an essential source 
of the anisotropic behaviour for SnAgCu crystal, which is directly related to a joint's 
reliability [82], and cannot be neglected. This chapter suggests a constitutive equation, 
which can account for all the major deformational mechanics of a SnAgCu crystal, 
including the elastic behaviour, MD, CD and thermal expansion, so that it is able to 
predict the response of SnAgCu solder micro joints with few grains to the specific 
loading/environmental conditions in electronics. The proposed model is integrated and 
implemented using the commercial FE software ABAQUS with the subroutine Umat. It 
is tested by application to a micro-joint of a FC package under a thermal cyclic load. 
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8.2 Crystal model for SnAgCu solder joints 
8.2.1 Constitutive equations 
As analysed above, there are three main sources of deformation for a SnAgCu 
crystal : elastic, creep and thennal expansion. Accordingly, the total strain Etotal can be 
defined as a sum of elastic strain Ee, creep stain Ec and strain due to thermal expansion 
E total = E c + E c + E lh · (8-1) 
The higher-order effects of interaction between mechanisms are neglected in this study. 
For a bulk specimen, the different creep behaviours of SnAgCu solder with a varying 
power law is generally unified by the hyperbolic sine equation [ 121 ], or described by a 
double power law [59]. In this chapter, the model employs the concept of the double 
power law so that each creep behaviour can be treated individually. Accordingly, the 
creep strain is subd ivided into VD component Evd and MD component Emd: 
(8-2) 
Following the Hooke's law, stresses are expressed by Eq. 2-45. 
In MD creep, deformations mainly result from dislocation glide. Therefore, the 
evolution of this inelastic strain can be defined as the sum of the shear rates from slip 
systems: 
N 
t md =I r (a)s (a) (8-3) 
a = l 
where N is the number of slip system, ra) is the scalar shear strain rate of the ath slip 
system and s (al is the Schmid tensor in Eq. 2-47. The shear strain rate is a function of 
the resolved stress on the slip system, temperature and hardening variables. Taking the 
concept of steady-state creep, the effect of hardening is not considered and the shear 
strain is expressed in the form of a power law: 
(8-4) 
Where A (a) is a constant, n1 is the stress exponent, Q (a) is the activation energy and 
-r(a) is the resolved shear stress on the slip plane in the slip direction, which is defined 
in Eq. 2-50. 
In VD creep, the grain boundary behaviour is neglected to focus on the intragranular 
performance of a grain. Within the grain, the movement of vacancies is controlled by 
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the direction of stresses. Supposing that it is isotropic, the rate of its strain components 
is proportional to deviatoric stresses. The creep rate in the power law form is expressed 
as 
• if _ 3s !l { )"~ ( Q vd J evd - --Avd \CY eq exp --- , 
2CY eq RT 
(8-5) 
where n 2 is the stress exponent, Avd and Qvd are a material constant and the activation 
energy for VD, respectively. 
In terms of thermal expansion, the properties of a crystal can be described by a CTE 
tensor a, which has 6 independent parameters. The relationship between the respective 
strain rate and temperature rate is expressed as 
f: ,h = a f (8-6) 
8.2.2 Integration 
In the applied fmite element software ABAQUS/Standard, a user subroutine, Umat, 
is developed to implement the suggested material model. In this subroutine, two types 
of outputs are required: 
( 1) Update stresses G ; 
(2) Update material Jacobian matrix D , where D = a~o . 
aLl~: 
Details of thls subroutine can be found in (120]. The following integration procedures 
are to provide these two types of outputs based on the method suggested in [ 124] . 
For MD creep, the rate of shear strain yt.al for a given slip system a is defined by: 
r (a) = dy(a) 
dt (8-7) 
Employing a linear interpolation, the increment of shearing strain within a time 
increment ~t is defined by 
(8-8) 
where e ranges from 0 to 1. Since the shear rate is a function of the shearing stress and 
temperature as shown in Eq. 8-4, its Taylor expansion gives 
ay· (a) ay· (a) 
Y· (a ) = .y(a) +--' -Ll'T(a) +-'-~T t+t.l l t a'T(a) ar ' (8-9) 
where ~T and ~'X"( a) are the increments of temperature and shearing stress in slip system 
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a, respectively. Substituting Eq. 8-9 into Eq. 8-8, the increment of shearing strain is 
rearranged: 
(8-1 0) 
Following the same procedure, the increment of the creep component due to VD is 
defined as 
The increment ofthe stress is determined by Eqs. 8-1 , 8-2 and 2-45: 
Combining Eqs. 8-3 and 8-12, we get 
~(J = C : ( ~£ total- ~e vd - ~eth- f ~ y<P>sU1)) · 
P=l 
Substituting Eq. 8-13 into Eq.2-50, we get 
~ 'f (a) = s (a) · C · (~e - ~e - ~e - f ~y<P>s <P>) 
· · tota l vd th £.J · 
P=l 
Substituting Eq. 8-13 into Eq. 8-1 0 we get 
ar,(a) (a ) kl ( ar,(a) (a) (fJ)} -B~t d'f (a) sij cljkl~£vd + t Oap + B~t d'f (a) S;j cijklskl Yp -' 
. (a) e iJy,<a> T () ay,<a> (ale ( kl kl ) ~ ( Yr + ~ [ ----aT~ + ~ ( d 'f (a) S /j /jk/ ~ £ Lh - ~ £ th 
where Oap is the Kronecker delta. Substituting Eq. 8-13 into Eq. 8-11 , we get 
~· ri N ~ ·ri 
ab ()A a£vdt c kl {)'A L a£vdt c (a ) ~£vd + ut~ ljkl~£vd + ut --.-. iik/Skl ~ Ya = aCY ~ a = l d0"'1 ' 
~ · ab ~ ·ab ~ · ab ()~ a£vdr ~T ()~ a£vdr C (~ kl kl) 
l£vdt + t---ar- + t aa'l ljkl £total- ~£th 
(8-l 1) 
(8-12) 
(8-13) 
(8-14) 
(8-15) 
(8-16) 
According to Eqs. 8- 15 and 8-16, if the total strain increment is known, the increment 
of each inelastic strain component can be determined. Substituting these strain 
increments into Eq. 8-13, the increment of stresses is obtained, which can be used to 
update stresses. 
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8.3 Finite element model 
8.3.1 Model geometry 
The model geometry for the FC package is based on dummy components 
FC317G5.08C254-DC and 903001 from a dummy component supplier: Topline. Figure 
8-2 shows the geometry of the FC. The dimensions of the silicon chip are 5.08 mm x 
5.08 mm with thickness 0.625 mm. Solder bumps are distributed in an area array under 
the silicon chip with spacing 0.254 mm. The height and diameter of a joint are 0.1 mm 
and 0.136 mm, respectively. The substrate is made of the four-layer FR4 printed circuit 
board with thickness 0.8 mm. In order to reduce the influence of the board's edges in 
calculations, its dimensions in plan in the model are larger than those of the chip: 7.62 
mm x 7.62 mm. 
Fig. 8-2 Geometry ofFC package: (a) entire package; (b) package without silicon chip. 
The FE mesh for the package is built in MSC.Marc!Mentat and transformed for 
ABAQUS with MSC.Patran. Due to symmetry of the package, one quarter of it is 
analysed to enhance the calculation efficiency. Figure 8-3 shows the FE mesh of the 
model. A joint in the centre of the model is focused on in this analysis and, therefore, 
has a finer mesh than other joints (Fig. 8-3b). The under-bumps metallization between 
the silicon chip and solder joints and metal finishes between solder joints and the 
substrate are neglected in the model, and three components are ideally bonded along the 
interface (each with diameter 0.11 mm). On the symmetric sections of the FC package 
(middle sections along axis X and Y in Fig. 8-3), symmetric boundary conditions are 
applied. 
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... 
(a) 
Fig. 8-3 FE mesh for FC package: (a) quarter of entire package; (b) mesh without 
silicon chip. 
8.3.2 Material properties 
Since SnAgCu solder is more ductile than the silicon chip and FR4 substrate, the 
last two components are assumed to be in the elastic state during the entire loading 
process. In this case, three types of properties are required for these two materials: 
elastic moduli, Poison' s ratios and CTEs. Note that FR4 board has anisotropic 
properties. In order to have a basis for comparison, a traditional creep model for a bulk 
specimen is also applied for SnAgCu solder joints. In this model, the elastic and thermal 
behaviour can be described in the same way as that for the crystal model, which is 
indicated in Eqs. 8-1 , 8-2 and 8-6. For the creep component, its rate £c is expressed in 
the form of a hyperbolic sine law as expressed by Eq. 2-6 (parameters are the same as 
those in Section 7.3). Here, the dependence of elastic and thermal properties on 
temperature is not considered; the relevant material parameters are based on [125]. 
Due to the lack of data, material parameters of the SnAgCu grain constitutive model 
are mainly derived from those of the bulk specimen. Since the discussion in this chapter 
mainly focuses on the inelastic behaviour of the SnAgCu crystal, its elastic and thermal 
properties are assumed to be isotropic and the same as of the bulk specimen. The 
adopted parameters for VD creep are derived from a bulk specimen' s creep behaviour 
in the low stress region (A = l.2x10-1, n 2 = 6.9, Q = 106 kJ/mole) [126]. For MD creep, 
the stress exponent activation energy and the constants A (a) are assumed to be the same 
for aH slip systems. These parameters are the same as those of a bulk solder' s power 
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Jaw equation at the high stress region (A<a> = 1.52x10·2, n3 = 11.6, g a> = 93 kJ/mole) 
[126] . 
8.3.3 Loading history 
In a general numerical procedure to predict reliability of solder joints in electronics, 
a solder's response in a package under a thermal cyclic test is simulated by a FE model. 
Then the analysis results are used to predict the number of cycles to failure on the basis 
of a fatigue model as discussed in Chapter 2. The current chapter adopts the same type 
of load - cyclic thermal loading - to demonstrate feasibility and the potential of the 
proposed model to predict the micro-joint's reliability in electronics. Since the package 
dimensions are rather small, the temperature gradient in is negligible for the suggested 
loading type. The temperature is assumed to be homogenous in the package, and it 
changes with the ambient temperature. The beating and cooling rate of the thermal 
cycle is 10 K/min. Its maximum and minimum temperatures are 353 K and 253 K, 
respectively. Figure 8-4 demonstrates the temperature change during a single cycle of 
the thermal cycling test. 
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Fig. 8-4 Single cycle of thermal cycling test. Point A: 318 K 120 s; Point B: 373 K, 450 
s. 
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8.4 Results and discussion 
8.4.1 Traditional model 
At the first stage of numerical simulations, the model for a bulk specimen (Eq. 7-9) 
is applied to all solder joints to illustrate the package's deformation behaviour during a 
thermal cycle and to make a reference for a further comparison. Previous studies 
showed that the initial temperature has a little effect on these stabilized results [125]. 
Therefore, the initial cooling stage during manufacturing is neglected in this study, and 
the cycle begins with the room temperature (298 K). Figure 8-5 exhibits the distribution 
of the equivalent stress in the package when it reaches Point A (318 K, 120 s) in Fig. 8-
4 during the first half-cycle. The deformation of the package has been scaled by a factor 
of 300. The figure clearly shows the warpage trend of the substrate when the 
temperature increases: its edges move upward along axis 3. This deformation is due to 
the difference in CTEs in the package plane (directions 1 and 2) between the silicon 
chip and substrate. Due to rigidity of the silicon chip (with an elastic modulus 131 
GPa), when the temperature increases, the deformation is transferred through solder 
joints and absorbed by the soft substrate (part of it is also absorbed by solder joints). 
The constraint on expansion of the substrate's top surface is conparatively large 
leading to an upward warpage of its edges along direction 3. The deformation trend of 
the silicon chip, which is not presented in the figure, is the same as that of the substrate, 
but its amplitude is much smaller. Between the substrate and silicon chip, solder joints 
experience a shearing deformation. Since the difference in displacements of the 
substrate and silicon chip at their edges is larger than at the centre, peripheral joints 
undergo a more serious deformation, resulting in larger residual stresses. For a single 
joint, stresses concentrate at solder/substrate and solder/chip interfaces as shown in Fig. 
8-5. This is due to sharp angles in the connections between components at these 
interfaces. Therefore, under the thermal cycling load, interfaces of peripheral joints are 
one of the most critical positions in the package. 
When the temperature decreases, the substrate has an opposite trend of deformation 
to tha,t with the temperature increase. Edges of the substrate move downwards along 
direction 3 (as shown in Fig. 8-6), presenting the state at the minimum temperature of 
the first cycle. The substrate contracts in djrection 3 with the decrease in temperature. 
But the extent of deformation is considerably higher than that in directions I and 2, 
since the FR4 board has anisotropic thermal properties: the CTE in the direction normal 
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to the plane is higher than that in the plane. The stress distribution in solder joints 
shown in Fig. 8-6 is similar to that in Fig. 8-5 : peripheral joints have larger equivalent 
stresses, and stresses mainly concentrate at interfaces. But the stress magnitudes are 
considerably higher. This is due to the creep behaviour of solder joints, which is able to 
release more stresses at a higher temperature. 
Figure 8-7 presents evolution of the equivalent stress with equivalent creep strain at 
point C of Fig. 8-5. It shows that the stress and strain can reach a stable stage after four 
cycles. Following a general procedure, the failure of this joint can be predicted by using 
the magnitude of the strain change for a stable cycle, as shown in Fig. 8-7, in the fatigue 
model. 
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Fig. 8-5 Equivalent residual stresses in package (with removed silicon chip) after 
temperature increases to 318K in the first cycle. Scale factor for deformation is 300. 
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Fig. 8-6 Equivalent residual stresses in package (with removed silicon chip) after 
cooling down to 273K in the first cycle. Scale factor for deformation is 50. 
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8.4.2 Crystal model 
8.4.2.1 Effect of thermal expansion 
The proposed crystal model for SnAgCu is firstly applied to the central joint (with a 
finer mesh as shown in Fig. 8-3b of the package. All the elements in this joint have the 
same lattice orientation, and therefore, it can be considered as a single crystal. The 
orientation of the grain is arbitrarily chosen and its relation with the entire model is 
presented in Fig. 7-2c. Other joints are still described by the traditional hyperbolic sine 
law as given in Eq. 2-6. In the crystal model, all the strain components, including 
elastic, creep and thermal expansion, are accounted for. Here 16 activated slip systems 
(the same as that in Chapter 7) are considered for MD creep. Figure 8-8a presents the 
distribution of the equivalent stress in the single-crystal joint when the temperature 
increases to 318 K (Point A in Fig. 8-4). It shows that joint's interfaces have the largest 
residual stresses. But there are two areas of stress concentration at the interface: in the 
front (Point D) and back areas (Point E) along the direction of shearing deformation (a 
bisector between directions 1 and 2), respectively. To study this distribution, all stress 
components are analyzed. It is found that the largest component is the normal stress 0'33, 
the level of which is an order of magnitude higher than that of other components. Figure 
8-8b gives the distribution of 0'33. It shows that the absolute maximum value of 0'33 is 
close to that of the equivalent stress in Fig. 8-8a, and that this component also peaks at 
Points D and E. According to the definition of V on Mises equivalent stress, 033 is the 
major source of stress concentration in Fig. 8-8a. Refocusing on a33, it is found that its 
value is positive at Points D and negative at E, indicating that these two points 
experience tension and compression during the shearing deformation with an increase 
in temperature. Since the absolute value of 0'33 at Points D and E is similar, the total 
normal load in direction 3 on interfaces is close to zero. In order to investigate the 
contribution of thermal expansion, the thermal component Eth in Eq. 8-1 is deactivated 
for the single-crystal joint. Other joints, as well as the silicon chip and the substrate, 
retain this component. The distribution of the equivalent stress when the temperature 
increases to Point A (318 K) is given in Fig. 8-8c. Compared with Fig. 8-8b, there is 
only one zone of stress concentration (Point F) at the interface, and its magnitude is 
higher. These changes result from the lack of the thermal component in this description 
of the single-crystal joint. With the temperature increase, the distance between the 
substrate and silicon chip increases due to the expansion of a large number of peripheral 
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joints in direction 3. This opening leads to an additional tensile load acting on the 
single-crystal joint. Therefore, the tensile stress at Point B increases with the 
compressive stress at Point C, reducing in direction 3, as shown in Fig. 8-8d. Since this 
normal stress a-33 is the major source of the equivalent stress, residual stresses increase 
at Point D while reduce at Point E, leading to only one stress concentration zone at the 
interface. Another change is that the single crystal joint becomes thinner in directions 1 
and 2 as shown in Fig. 8-8. Obviously, this results from the lack of expansion in these 
two directions. The additional elongation of the joint in direction 3 also contributes to 
this change since it leads to the contraction in directions 1 and 2 to maintain the volume 
of the joint. 
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Fig. 8-8 Stress distribution in single crystal joint at the centre of the package (with finer 
mesh in Fig. 8-3b), for 318K (Point A in Fig. 8-4): (a) equivalent stress with thermal 
expansion; (b) stress component 0"33 with thermal expansion; (c) equivalent stress 
without thermal expansion; (d) stress component a-33 without thermal expansion. Scale 
factor for deformation is 300. 
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8.4.2.2 Effect of Vacancy Diffusion 
To analyse the influence of VD, and to make a comparison with the case without 
considering VD, all the strain components in Eqs. 8-1 and 8-2 are accounted for at this 
stage of numerical simulation except VD creep tvd,· Figure 8-9a presents the 
distribution of equivalent stress when the temperature increases to Point A in Fig. 8-4 
(318 K). Compared with Fig. 8-8a, which considers all strain components, the 
distribution is the same, including the value of the stress concentration. To investigate 
this phenomenon, the equivalent strain £eq (t:eq = ~ ~ & : & ) due to MD and VD creep 
for Fig. 8-8a is given in Figs. 8-1 Oa and b, respectively. It can be seen that the 
deformation due to VD is considerably smaller, and therefore, has little effect. This is 
reasonable since the residual stress is comparatively high for low temperatures. MD 
creep is the dominant deformation mechanism. When temperature increases, the 
deformation ability of MD creep is enhanced. As shown in Fig. 8-9b, the maximum 
stress is relaxed to 26.88 MPa when the temperature reaches its maximum value (373 K, 
Point B in Fig. 8-4). But this value is slightly higher than that in Fig. 8-11, which 
considers all strain components, indicating that VD does make a contribution to this 
relaxation. MD and VD creep accumulation at the maximum temperature (Point B in 
Fig. 8-4) is presented in Figs. 8-10 c and d. It can be seen that compared with Figs. 8-
1 Oa and b both of these two strains increase significantly, but the increase of VD creep 
is relatively larger (the VD creep increases by three orders of magnitude while MD 
creep increases by two orders). In the suggested model, VD is more sensitive to 
temperature due to its higher activated energy than MD (1 06 kJ/mole and 93 kJ/mole, 
respectively). Note that this comparison is a relative one. In this case, VD is more 
pronounced at high temperatures, leading to larger deformations. It is also found that 
the distribution of deformations due to these two creep mechanics is not the same as 
shown in Figs. 8-1 Oc and d. This is caused by their different deformation nature. MD 
creep can only be realised in certain slip systems. The largest deformation accumulates 
at the position where gliding is most convenient for some slip systems; in case of VD, it 
is directed by stresses. The highest deformation occurs in the area with highest stresses. 
Therefore, the distribution of deformation in Fig. 8-1 Od is similar to that for the 
equivalent stress in Fig. 8-11 . 
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Fig. 8-9 Distribution of equivalent stress without VD component in Eq. 8-2: (a) at 
Points A, (b) at point Bin Fig. 8-4. Scales factors for deformation: (a) 300 and (b) 20. 
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Fig. 8-10 Distribution of equivalent strain (all strain components are considered): (a) 
MD creep, 318 K; (b) VD, 318 K; (c) MD creep, 373 K; (d) VD, 373 K. The 
deformation scale factor is 300 for (a) and (b), and 20 for (c) and (d). 
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Fig. 8-11 Distribution of equivalent stress for Point B in Fig. 8-4. All strain components 
are considered. Scale factor for deformation is 20. 
In contrast to Chen 's model [126], which the proposed model 's parameters are 
based on, the activation energy in the low-stress region is much lower than that in the 
high-stress region (34.693 kJ/mole and 61.193 kJ/mole, respectively) in Wiese's double 
power law for SnAgCu eutectic solder [59]. Assuming that Wiese's creep model at low 
stress (i.e. A = 1 x 10-4, n2 = 3 and Q = 34.6 kJ/mole in Eq. 8-4) is dominated by VD, the 
corresponding parameters for VD are directly applied to the studied case for 
comparison. To be consistent, the model parameters for MD creep and thermal 
expansion remain the same. Fig. 8-1 2a presents the equivalent stress distribution for the 
model with new parameters when temperature increases to Point A in Fig. 8-4. The 
stress distribution is similar to that in Fig. 8-8a, but the stress levels are lower. As can 
be seen, the maximum stress reduces from 29.11 MPa to 27.95 MPa, indicating that VD 
creep develops faster in Wiese's model than in Chen's one, releasing more stresses. 
This is demonstrated by Fig. 8-12d, which shows a considerably higher level of VD 
creep accumulation than that in Fig. 8-1 Ob. However, the accumulation of MD creep 
becomes less as shown in Figs. 8-l2c and 11 a. These changes illustrate the interaction 
between MD creep and VD in the proposed model. As presented in Eq. 8-12, both types 
of creep can release stresses, which are the original driving force for both types of creep. 
lf one type of creep leads to higher deformations, the reduced stresses will decrease the 
driving force of the other due to Eqs. 2-50, 8-4 and 8-5. Conversely, the reducing 
deformation ability of one type of creep can lead to higher deformations due to the 
other. In the real case of deformation, MD and VD types of creep can also interact 
directly. For instance, a certain movement of vacancies is able to release pinning 
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Fig. 8-12 Equivalent stress and strain distributions based on Wiese's model: (a) stress, 
318 K; (b) stress, 373 K; (c) MD, 318 K· (d) VD, 318 K; (e) MD, 373 K; (f) VD, 373 K. 
The deformation scale factor is 300 for (a), (c) and (d), and 20 for (b), (e) and (f). 
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dislocations, resulting in a softening effect. These reactions are not introduced into the 
model to avoid introduction of too many unknown parameters at this stage. When the 
temperature increases to the maximum value, Point B in Fig. 8-4, the accumulated 
deformation due to both MD and VD creep increases considerably as shown in Figs. 8-
12e and f. This increase for VD is more pronounced since it is more sensitive to 
temperature. Fig. 8-12b shows that the stresses are even lower than those in Fig. 8-11 . 
This is due to the increasing deformation ability of VD in the case ofWiese's creep data. 
Similar to the traditional model, the single-crystal joint is tested for four thermal 
cycles. Parameters based on both Chen's and Wiese's creep models are used in 
computational studies. The relationship between the equivalent stress and equivalent 
total creep strain is presented in Fig. 8-13. It can be seen that both models can reach a 
stable state after four cycles. This demonstrates the ability of the proposed model to 
predict the response of micro-joints under long-term thermal cycling in electronics. 
8.5 Summary 
In this chapter, a constitutive model, which can account for MD, VD creep and 
thermal expansion in a crystal , is proposed for a SnAgCu grain. The model is integrated 
using an implicit approach and implemented for a joint in a FC package. The obtained 
results show that: 
l. Under the condition of varymg temperature thermal expansiOn ts a maJor 
deformation mechanism for a single-crystal joint. It has a considerable effect on the 
stress state in the crystal, and also influences other mechanisms of deformation. 
2. At a relatively low temperature, MD creep plays a dominant role in the response of 
the single-crystal joint. When the temperature rises, the deformation ability of both MD 
and VD increases, but th.e change for VD is more pronounced based on Chen's creep 
data. 
3 The development of one of MD and CD creep can enhance the total inelastic 
deformation. However, it reduces the effect of the other type of creep. The relevant 
deformation 's sensitivity to temperature of MD and VD creep is determined by their 
activation energies: the higher activation energy indicates higher sensitivity. 
4. Based on both Wiese's and Chen's creep data, the stress-strain response of the single-
crystal joint is able to reach a stable state by four thermal cycles. 
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Fig. 8-13 Relationship between equivalent stress and total creep strain in the first 4 
cycles at Point C in Fig. 8-5. Parameters for crystal model are based on Wiese' s (a) and 
Chen 's (b) creep data. 
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As well as the parameters identified in Section 7.5, identification of the following is 
necessary, this will require further experimental work: 
i) The CTE tensor a. in Eq. 8-6; 
ii) The stress exponent nz, thermal activation energy Q vd and constant A vd in Eq. 8-5. 
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Chapter 9 Conclusions and Future Work 
9.1 Conclusions 
This thesis has focused on the microstructure and mechanical behaviour of a fine-
scale solder joint. It has for the first time presented the evolution of the IMC interfaces 
between a liquid solder and solid substrate during the reflow proces·s, the formation 
behaviour of Ag3Sn plates and Sn dendrites and the coupling process to generate SnAg 
eutectics inside the solder joint. It has experimentally demonstrated that the 
performance of both the SnAgCu joint and adjacent interfacial IMCs is strongly 
influenced by the anisotropic characteristics of the Sn-based grain. Based on this 
research, the significance of local microstructural features should be considered when 
assessing the reliability of a meso-scale joint. To elaborate the mechanical behaviour, a 
constitutive equation was developed to describe the meso-scale mechanical behaviour 
of a solder joint with a small number of grains. The specific novelty and findings 
include: 
I. In the process of liquid spreading of SnAgCu or SnAg solders on a solid Cu 
substrate with the help of a flux (rosin/C19H29COOH), some of Sn at the initial 
stages moves from the liquid solder into the flux after the solder is molten, forming 
a layer of So-containing transportation zone on the surface of the solder. The 
transportation zone contacts and reacts with the Cu substrate, leading to a fine layer 
of Cu3Sn IMCs in the flux near the Cu substrate. The liquid solder subsequently 
spreads over the existing Cu3Sn layer, generating Cu6Sn5 IMCs between Cu3Sn and 
the solder at the three-phase contact line. At this moment, the Cu/Cu3Sn/Cu6Sns 
sandwich structure is formed at the interface. 
2. The Cu!Cu3SniCU6Sns structure is maintained at the interface throughout reflow. In 
this process, the Cu!Cu3Sn and Cu3Sn/Cu6Sns interfaces move toward the Cu 
substrate, while the ~Sns/solder interface can move either to the Cu substrate or 
the liquid solder, depending on the thermal conditions and the composition of the 
liquid solder along the interface. Under the condition of short-term constant 
temperature or temperature increase, when the composition in the liquid 
corresponds to the point below the solubility, Cu6Sn5 IMCs dissolve into the liquid 
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solder. The rate of process of Cu6Sns/solder interface is comparable to that of the 
Cu/IMCs interface. Therefore, the IMC interface maintains a near-constant 
thickness. Under the condition of a temperature decrease, the interfacial Cu6Sns 
IMCs moves back to the liquid solder with the interface becoming thicker. 
3. In the Cu6Sn5 layer, there is generally one grain oriented in the tangential-to-
substrate direction. Therefore, the evolution of Cu3Sn/CU6Sns interface toward the 
Cu substrate is based on the existing Cu6Sns grain. No new CU6Sns grains are 
generated at this interface. The lattice orientation of the final interfacial Cu6Sns 
IMCs is determined by small Cu6Sns grains formed at the initial wetting stage, since 
they are evolved out of some of them. 
4. The scallop morphology of interfacial Cu6Sn5 IMCs mainly results from the 
heterogeneous dissolution and growth behaviour of CU6Sns into the liquid solder. 
Under a temperature dwell or an increase, the areas near CU6Sns grain boundaries 
are dissolved more quickly. When the temperature decreases, Cu6Sns grains grow 
more pronouncedly in the main body. Ln the TSC direction, the evolution of the 
Cu6Sn5 layer is a coarsening behaviour: the longer the reflow time, the larger the 
grain grows. In this process, some of Cu6Sns IMCs, formed at the initial wetting 
stage, diminish. EBSD analysis of a specimen after solidification shows that the 
remaining interfacial Cu6Sn5 are predominantly distributed with the [0001] direction 
parallel to the NC direction. 
5. A~Sn plates begin to nucleate at the mid point of the cooling period, and are 
mainly distributed along the interface. These IMCs have two preferable growth 
directions, resulting in their plate-like morphology. Since these plates are formed 
ahead of the SnAgCu grain, they can be distributed either within the grain or across 
several. 
6. Due to the varying nucleation ability of Ag3Sn, Cu6Sn5 and ~-Sn, the eutectic 
SnAgCu alloy usually deviates from the equivalent phase transformation. During 
solidification, ~-Sn is the first nucleated and can grow into large-sized Sn dendrites. 
A Sn dendrite is the core of the SnAgCu grain. It determines the lattice orientation 
of the grain 's matrix and plays an important role in determining the size and 
substructure of the gain. 
7. Ag3Sn IMCs are coupled with the ~-Sn matrix to form eutectics. The Sn matrix 
grows from the existing Sn dendrite core and therefore maintains the same lattice 
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orientation, forming a large ~-Sn single crystal in the grain. A~Sn IMCs are formed 
ahead of the matrix during the coupling process, which provides the possibility to 
form long-fibre morphology. These Ag3Sn IMCs have a preferable nucleation 
orientation with respect to the lattice orientation of the dendrites and one preferable 
growth direction. Therefore, they have the same lattice orientation and are orderly 
distributed in the eutectics within a grain. 
8. The number of grains in a SnAgCu solder joint reduces with a diminishing size of 
joint. When the joint reaches dimensions below 100 J.Ull, it can contain only one or a 
few grains. A SnAgCu grain exhibits considerable anisotropic characteristics due to 
the dominant role of the ~-Sn single crystal in the grain. Therefore, the traditional 
isotropic and homogenous model derived from bulk specimens is not representative 
enough to describe behaviour of a joint with a few grains. To assess the reliability of 
these meso- or micro-scale solder interconnections, the effect of local 
microstructural features should be considered. 
9. In a SnAgCu grain, the ~-Sn single crystal has the same size as that of the grain. It 
forms a large volume fraction of the grain and can be considered as its frame. 
Therefore, this single crystal plays a dominant role in the mechanical behaviour of 
the grain. Most anisotropic characteristics of the ~-Sn single crystal can be linked to 
the SnAgCu grain. Under a shearing test at room temperature, dislocations can 
move across the entire matrix of the grain in slip systems, forming uniformly 
distributed slip bands on the grain's surface. However, the orientation of slip bands 
formed in different grains varies considerably, indicating a strong dependence on 
the local microstructure. 
10. A grain can be considered as the basic unit of the SnAgCu alloy at the meso scale, 
the behaviour of which can be described within th.e frame-work of crystal plasticity. 
In contrast to the general crystal plasticity model, where the resolved shearing stress 
dominantly determines the shearing strain rate in the corresponding slip system, the 
temperature also plays an important role in the dislocation behaviour due to the 
relatively low melting temperature of this alloy. This thesis employs the concept of 
steady state creep, and use of the hyperbolic sine law to describe the dependence of 
the strain rate on the temperature and the resolved stress. The proposed model is 
programmed using the Umat subroutine in ABAQUS and implemented for solder 
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joints m a Flip Chip package. A multi-scale method enhances the calculation 
efficiency in the finite element (FE) analysis. 
11 . At a relatively high temperature, not only the movement of dislocations, but also 
diffusion of vacancies is expected to play an important role in the inelastic 
behaviour of a solder grain. The thesis applied the concept of a double-power law, 
and integrated these two mechanisms together using an implicit method. This model 
is implemented for solder joints within a full 30 FC package. This analysis 
demonstrates the feasibility of the proposed models to assess the reliability of solder 
interconnections in electronic packages. 
12. The damage behaviour of the IMC interface is significantly influenced by the 
anisotropic characteristics of the adjacent SnAgCu grain. The trend to form slip 
bands on the surface of a grain results in a heterogeneous micro-force at the 
adjacent interface. A site, which is connected to the activated slip system, 
experiences the peak force, and fails first. As a result, the initial broken interfacial 
IMCs are distributed along parallel lines, which inherit the features of slip bands on 
a grain surface. The heterogeneous force can seriously affect the interface since it 
needs a lower average force to initiate the damage. 
13. A heterogeneous force that acts on a grain can change the substructure of the matrix. 
A large amount of dislocations are generated, forming subgrain boundaries in the 
matrix. As a result, the original single crystal matrix evolves into a large amount of 
sub-grains. It is suggested that the formation of these subgrain boundaries is more 
efficient to release the heterogeneous force than dislocations sliding in slip systems. 
9.2 Future work 
The work in this thesis can be further enhanced and extended by the following 
suggested results of investigation: 
1. Flux-free spreading tests can be carried out in a vacuum or inert gas environment to 
eliminate additional factors from the flux. It is expected that there is an additional 
metal vapour layer surrounding the surface of the liquid solder. This layer first 
contacts with, and modifies the solid substrate. The liquid solder then spreads on the 
modified surface. 
2. The initial interfacial IMCs are formed in the flux. They can be either tightly 
connected with, or separated from, the Cu substrate, leading to formation of voids 
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between the Cu3Sn layer and the substrate. After the liquid solder spreads on the 
Cu3Sn layer, these voids are trapped in the interface. During reflow, these voids can 
evolve into the Cll6Sn5 and Cu3Sn layers or even the solder joint (close to the 
interface), leading to a potential reliability issue. Therefore, the formation and 
evolution of these voids should be investigated, and their impact on the mechanical 
behaviour assessed. ln addition, it should be clarified if they are related to the 
formation of Kirkendall voids. 
3. The effect the flux on the spreading behaviour should be studied. Such work could 
address two aspects:(i) interactions with the molten solder or the solid substrate, e.g. 
etching, dissolution and diffusion behaviour;(ii) interactions between varying 
solutes, e.g. Sn and Cu, to form reactants in the flux. 
4. The evolution of interfacial Cu3Sn IMCs between the Cu substrate and Cll6Sns layer 
throughout reflow can be investigated. This includes the following suggested tasks: 
(i) to make it clear whether Cu3Sn IMCs growth is based on the existing Cu3Sn 
grains or new ones are formed when the Cu/Cu3Sn interface evolves to the Cu 
substrate. If new grains are generated, does their lattice have a particular relation 
with that of the adjacent Cu grains or Cu3Sn particles? (ii) to perform multiple aging 
tests on the Transmission Electron Microscopy (TEM) sample prepared by Focused 
Ion Beam (FIB) in order to check the evolution of the Cu3Sn layer at intervals 
during aging tests. This can be considered as 'in-situ' tests. The emphasis could be 
placed on specimens without solder materials (spun specimens). Tests can be 
carried out at the same temperature as that of reflow. The aim of this experiment is 
to eliminate the effect of the liquid solder during reflow. The initial moving rate of 
the Cu3Sn!Cll6Sn5 interface to Cu6Sn5 IMCs reflects the density of Cu flux 
transported from the Cu substrate during reflow. 
5. Cu6Sns IMCs formed in the solder joint during solidification could be investigated. 
Two types of Cu6Sn5 IMCs have been found by the rotation test (not presented in 
the current thesis): (i) fibre-like Cu6Sn5 formed ahead of Sn dendrites. These fibres 
play an important role in the growth behaviour of Sn dendrites. The tip of Sn 
dendrites can grow along the existing fibre in the liquid solder. (ii) Cu6Sns dendrites. 
Their formation behaviour, including interaction with other components, should be 
systematically studied. 
6. The surface of each component, including Sn-dendrites, Ag3Sn plates, Ag3Sn fibres, 
Cu6Sns IMCs and the Sn matrix of eutectics, can be further investigated. These 
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surfaces are the solid/liquid interfaces during solidification. They contain the direct 
information on phase transformation. For example, the distribution of atoms on 
these surfaces is linked to the way in which atoms are transformed from the liquid 
to the solid; the varying growth preference at different sites of the same component, 
especially the tip, illustrates why the component has a specific morphology. 
7. The nucleation of each component and the final connection between components 
during the liquid to solid phase transformation could be investigated. This would 
provide additional information on the regular formation of the intra- and inter-
granular structure, especially phase and grain boundaries. For instance, Ag3Sn fibres 
in SnAgCu eutectics have a high chance to nucleate on the surface of an existing Sn 
dendrite. Therefore, there is some regularity in the microstructure of SnAgCu 
eutectics as presented in Section 6.3. 
8. A high-sensitivity infrared microscopy can be used to capture the evolution of the 
temperature field on the surface of a solder specimen during solidification. The 
surface of the specimen (after solidification) should be carefully polished to observe 
the microstructure. It should be considered whether there is a relation between the 
achieved temperature field and the local microstructure, to address the effect of the 
local thermal conditions. 
9. Rapid cooling during solidification could be performed; to capture information on 
the remaining liquid solder. With the same aim, one could collect and study the 
material spun away during a rotation test. 
I 0. The deformation due to the mechanical test in the Chapter 4 can be repeated with 
Electron Backscatter Diffraction (EBSD) instead of the Polarized Light microscopy 
method to identify the potential slip systems for the alloy. FE analysis can be 
carried out to compare the numerical and experimental results in order to determine 
the threshold resolved shearing stress to activate the slip system. 
11. Parameters for validation of the FE models proposed in Chapters 7 and 8, can be 
acquired by further experimental work to enable their significance with respect to 
the application. These parameters could be achieved by: (i) preparing a bulk solder 
material with coarse grains; (ii) using EBSD to characterize the lattice orientation of 
grains in the sample; (iii) preparing micro specimens using FIB within a grain of a 
particular lattice-orientation; (iv) using a Nano Indenter to test the micro specimens 
to identify the mechanical properties. 
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12. The sliding behaviour of dislocations in slip systems should be systematically 
studied to clarify the effect of the strain gradient on fine-scale mechanical 
performance. This is the basis for further enhancement of the proposed model. 
13. High-sensitivity EBSD could be used to measure the elastic strain in the micro-
specimen undergoing heterogeneous deformation. Based on these results, the stress 
distribution can be calculated to further investigate the evolution of the substructure, 
such as the formation of sub grain boundaries within the matrix of the grain. 
14. The research could be more systematic if following work were conducted: 
(i) prepare micro-specimens from regions at grain boundaries to study the 
intergranular behaviour; (ii) design experiments to achieve the loading information 
in the micro-mechanical testing of micro-specimens; (iii) to study the effect of 
temperature on the mechanical behaviour; (iv) based on the experimental results, 
determine material parameters for the proposed models; (v) extend the research to 
other potential Sn-based Ph-free solders and the varying substrates, eg, Au and Ni . 
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